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Zusammenfassung

In der vorliegenden Doktorarbeit untersuche ich die nabgdin Vorganger von el-
liptischen Zwerggalaxien im Virgo Galaxienhaufen. Zur As& der Galaxien des
spaten morphologischen Typs wurde ein Breitband-Datensalen u, g, r, i und z
Filtern des Sloan Digital Sky Survey benutzt. Die photomsetren und strukturellen
Eigenschaften (z.B. Helligkeit und Radius) der einzelnesrphologischen Unter-
klassen wurden mit einem bestehenden Datensatz von silgin Zwerggalaxien
verglichen, um mogliche evolutionare Verbindungen ztetsuchen. Innerhalb des
Datensatzes zeigen Galaxien vom Typ blauen kompakten Zwerge bei vorheriger
Entfernung des Einflusses der Sternentstehungskomponreriae bemerkenswerte
Ahnlichkeit mit den elliptischen Zwerggalaxien. Diebereinstimmung beziiglich
der photometrischen Eigenschaften konnte auf eine midgkvolutionare Verbindung
hindeuten.

Die Resultate der Photometrie des gesamten Datensatzelemwals Eingabewerte
fur einen Evolutionssynthese-Modelle benutzt, mit dem wigestorte und gestorte
zeitliche Entwicklung der photometrischen Parameter ddaxden simuliert wurden.
Durch den Vergleich der Modellergebnisse mit den Beobajgdaten heutiger
elliptischer Zwerggalaxien bin ich in der Lage, die mogéa Vorgangertypen auf
bestimmte morphologische Unterklassen einzugrenzen.

Innerhalb dieser Doktorarbeit konnte ich zeigen, dass melmn heutigerblauen
kompakten Zwerggalaxiemuch die zukunftigen photometrischen Eigenschaften von
spaten Spiralgalaxien des Typs Sd und Sm sehr gut mit demetighr elliptischer
Zwerggalaxien Ubereinstimmen.



Abstract

In the here presented thesis, | investigate the possiblgeprtors of elliptical dwarf
galaxies in the Virgo galaxy cluster. For the analysis of gfadaxies of the late
morphological type, a broadband data set in the u, g, r, i ditteé s of the Sloan Digital
Sky Survey was used. The photometric and structural prese.g. luminosity and
radius) of the single morphological subclasses was cordpaite an existing data set
of elliptical dwarf galaxies to explore the possible evioary connections. Within
the sample, galaxies of the tyjfdue compact dwarf— if the contribution of the
starburst component is removed — show a remarkably goodssityito the elliptical
dwarf galaxies. This agreement in the photometric progeould point to a possible
evolutionary connection.

The results of the photometry of the entire sample were usems@ut parameters
for an evolutionary synthesis code, which simulates theistabed and disturbed
evolution of the photometric parameters of the galaxies. cByparing the results
of the simulation with the ones of the observations of togl@jliptical dwarf galaxies,
| am able to restrict the possible progenitors to certainphological subclasses.

In the course of this thesis, | was able to show that apart fotue compact dwarf
galaxies also the prospective photometric properties of late-ggigals of the type Sd
and Sm are in good agreement with today’s elliptical dwaldxjas.
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Chapter 1 Introduction

1.1 Galaxies

Since thousand of years humans are fascinated by the starryApart from the
twinkling stars a milky band was apparent in the sky, whicls weerefore called the
“Milky Way” or in grecian “Galaxy”. With the emerge of the &dcope in the 17th
century it was Galileo Galilei who first pointed it to the nityhsky and discovered the
famous moons of the planet Jupiter, which in turn revolused our understanding
of the Universe. But he also pointed his telescope to theynlilknd in the sky and
discovered that it actually consists of thousands and #radssof stars.

Centuries after the discoveries of Galilei our view of thakyiWay has changed from
an accumulation of stars on a sphere to an disc-like objeitt avspacial extension.
However, the real physical extent of the Galaxy was undeatdebntil the beginning
of the last century and found its highlight in “Great Debat&/ithin the Great Debate it
was devotedly discussed whether objects like the Andromelala are objectsithin
our own Galaxy or if they are other galaxits away. With the measurement of the
distance of variable stars within the Andromeda nebula (M31Edwin Hubble (e.g.
Hubble 1922 1929 it became clear that M31 is far away from our Galaxy and is
indeed another galaxy in the Universe. Thus, there is ngt@m own Galaxy, which
forms the Universe, but there are other objects like the Xyal®ther examples of
galaxies in our neighbourhood are the Small and Large MagellClouds (SMC and
LMC), which are even visible with the naked eye. Figaré shows images of M31,
LMC and SMC at visible wavelength.

Thus, starting from this we have to ask what actually is a>g&laA naive answer to
the question would be that galaxies are a vast number ofistarsmited volume.
However, detailed studies over the last decades reveal & ownplicated view



Figure 1.1: Optical images of the Andromeda Nebula (lefyl@.(middle) and SMC
(right) (Credit: R. Gendler (left and middle); J. Hambscll & Gendler (right)).

of galaxies. First of all, galaxies do not only contain stdmst huge amounts of
other ingredients. One ingredient in galaxies is gas ffeddnt phases andftirent
abundance. A part of these gas clouds represents the kath pf new born stars and
are therefore called star forming regions. One of the premtinepresentative of a gas
cloud in our Galaxy is the Orion Nebula, also visible with theked eye. In galaxies
we found atomic gas as well as molecular gas. As we will sebigthesis, gas plays
an important role on how a galaxy is classified today and howmoiild evolve with
time.

In the last century the movement of the stars in galaxies wasstigated and the
outcome of these studies provided a remarkable result. fBing af a galaxies do not
move as they should in the sense of the classical Keplerigsigs) where an object
nearby the centre of gravity moves faster than an objectgedaistance, given by the
following formula:

Vs (1.1)

VR
where V is the velocity of the object and R is the radius from tlentre of gravity
(e.g.Binney and Tremaine2008. Moreover, stars at the outer rim of some special
kind of galaxy move almost with the same velocity as starat@rinediate distance
(Rubin and Ford1970. To overcome this problem a large amount of invisible nratte
which is only measurable through its gravitational influgnwas introduced and was
called “Dark Matter” (DM). As we will see, DM is one of the keyaameters in the
description of the Universe and the formation of galaxies.

4



Other ingredients of galaxies are for example dust and ofseothe stars. Dust has
only a minor contribution to the total mass of a galaxy, hosvav has the ability to
change the appearance of a galaxy due to absorption andrsggtif the star light.

The mass range of galaxies spans several orders of magsitiuhe several million
solar masses (M up to 132 M,, for the most massive one¥\{liman et al, 2006
Misgeld and Hilkey201J). Since the total mass of a galaxy is not easy to measure, it
Is common to use the luminosity of the galaxies instead ofhthass. In astronomy the
luminosity is often expressed in terms of magnitude m, wisatefined as

m = -2.5-log(f/fo) (1.2)

where f is the measured flux of the object apdsfthe flux of a reference object (e.g.
the star Vega).

Looking at images of galaxies one immediately realises ¢jaddéxies do not form
a uniform class of objects, but show a large variety in molpin from galaxies
with a rather smooth appearance to galaxies with an obvipual structure. In the
framework of the famous study Byubble(1926 the galaxies were classified regarding
their morphology, starting with smooth elliptical galaxieith different degrees of
flattening to the prominent spiral galaxies (see Eig). The class of elliptical galaxies
is also called “early-type” galaxies (ETGS), which are eeterised by relatively red
optical colours and almost no sign of star formation. On ttieeohand there are the
spirals, which are also called “late-type” galaxies. Gadaxn the transition between
ellipticals and spirals are called lenticular galaxies ¢@laxies) and are associated to
the early-type galaxies, too. It has to be pointed out thattiélhms “early-types” and
“late-types” do not give any hint to the stage of evolutiontloé galaxies, moreover
the light of late-type galaxies is dominated by young masstars, while the light of
early-type galaxies is dominated by an old stellar popaitati

Hubble furthermore subdivided the spiral galaxies intogheups of spirals with and
without a stellar bar, which is denoted by a capital “B” in therphological class -
like SBa in Fig.1.2 These two groups of spirals are then further classifiedrdagg
the pitch angle, which describes the opening angle of thalsmims and the ratio of
the size of the central component (the bulge) to the sizeeo$tinrounding disc. Apart
from morphological dierences to the ETGs, spiral galaxies algtedito ETGs in the
ability to form new stars. The stellar disc of spiral galaxie a location of enhanced
star formation. As already mentioned, stars are formed sajjauds, therefore the
disc of spiral galaxies must contain gas to fuel the star &ion. To determine the
amount of stars formed within a unit time - the star formatiate (SFR) - dferent
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Figure 1.2: The Hubble Tuning Fork. (Credit: NASA & ESA (atizghby R. Kotulla))

star formation laws are used. The simplest law uses a powerdarelation between
the surface density of the gas and the SBBhimidf 1959 Kennicutt 1998. Although
the light of the young and massive stars in the spiral armsinates the total light of
the galaxy at the visible wavelength, the contribution @&fsi stars is less to the total
mass of the galaxy. The majority of the total mass of the dispwal galaxies comes
from an older stellar population.

It was soon realised that some galaxies do not belong to attyeohbove described
classes of ellipticals and spirals, respectively. Amorgséhare faint galaxies with
an irregular shape, which are therefore classified as ‘lteeggalaxies”. With the
improvement of observational techniques it became cleditdinge and bright elliptical
and spiral galaxies of the Hubble sequence are a minoritgt Bidche galaxies, which
are observed today, are faint dwarf galaxies, making thle diuthe galaxy population
(Phillipps et al, 1998 Trentham and Hodgkir2002. This overabundance of dwarf
galaxies makes the study of them even more interestinglynandssary.

The dwarf galaxy population on its own can also be subdividealmost the same
manner as the bright ellipticals and spirals. At first glasady-type dwarf galaxies
(ETDGS) - like their massive counterparts - have a smootlea@mce and relatively
red colours. However, studies by e8andage and Binggel(il984), Jerjen et al.
(2000, Lisker et al.(2007) and others revealed several subclasses with disc- arad-spir
features, central nuclei and central star formation, tha&ing our view of dwarf
galaxies more complicated.



Another group of the dwarf galaxies are the late-type dwahfscontrast to ETDs
these galaxies significantly form new stars and may show la tider of distortion.
In the class of the late-type dwarf galaxies one finds the félweegular galaxies”
(dIs) and the “Blue Compact Dwarfs” (BCDs). The particulkss of “Blue Compact
Dwarfs” (BCDs) was first described in the early work of e.gwicky (1965 and
Searle and Sargeii1972 and their physical properties are still under debate. tFirs
believed to be very young objects with primordial chemicahpositionLoose(1985
showed that they are composed of two components. One comipexigbits a phase
of very strong star formation, producing very massive anghgpstars, while the other
component consists of an old stellar population. TheretoeeBCDs cannot be young
galaxies, making them even more interesting due to theirqodarly low chemical
abundance, which is originally more common for young gasxn the early Universe
(Izotov et al, 1999h.

The diference between dls and BCDs is commonly given by a higher 86Rpact
optical size and higher surface brightness of the BCDs coedbto dl galaxies
(Thuan and Martin1981). However, there is no well defined limit for the division,
resulting in the presence of transition types. Furthermitre problem of a not well
defined limit is not only valid in case of late-type dwarfst between late-types and
early-type dwarf galaxies as weDéllenbusch et a12008.

In general, the magnitude is used to divide galaxies intorflesad giant galaxies.
The limit, where a galaxy is a dwarf or a giant, is relativelsbirary set to
e.g. Mg = -18 mag (e.gThuan and Martin1981 Mo et al, 2010?, indicating the
absolute magnitude in the blue filter at 4360 A. However, linsting magnitude
holds some problems, since there are overlap regions betiweeluminosity spirals
and dwarf galaxies. Furthermore, when applying this limi¢ @lso has to care about
the distance of the galaxy, which is needed to calculatelibelate magnitude. Thus,
measuring a wrong distance, may shift a gigantic galaxytmtaegime of the dwarfs,
even though the physical properties may be vefiedent.

This problem of defining the dwarf- and non-dwarf galaxiesti# not solved and an
actual matter of discussion among the scientific community.

'Even more confusingFerguson and Binggelil994 used a limit of My = —16 mag, but also
Mg = —18 mag, to define dwarf elliptical galaxies.



1.2 Galaxy clusters and the transformation of galaxies

As we saw in the last section, there is a wealth of galaxiet wéry diferent
properties. Surveys of large areas in the sky found thakgedare not homogeneous
distributed in the sky, but that there are regions with a lgglaxy density £4) and
regions with a lowep. The regions with a lowep and low number of galaxies are
called “the field”, whereas regions with a highand high frequency of galaxies are
called “clusters” and “groups”. In a galaxy cluster there #tirousands of galaxies in
a volume of a few megaparseand prominent examples are the Perseus-, Coma- and
Virgo cluster. The dterence between groups and clusters is not well defined.

As shown by many studies over the last decades, galaxy dustenot just contain
galaxies Zwicky (1937 showed by the study of the movement of galaxies in the Coma
cluster that galaxy clusters need additional non-visibéssto be stable. He was the
first who introduced the term “Dark Matter”. Apart from gales and DM one also
finds gas in the cluster, which is called intra cluster medfl@M). As we will see in
this thesis, this gas plays an important role in the evalutitthe galaxies in the dense
environment of a cluster.

In this thesis | will focus on the Virgo galaxy cluster, whicas a distance of 16.52 Mpc
(Mei et al, 2007 and a mean velocity of about 1200 fsnBinggeli et al, 1987).
The Virgo cluster is also the nearest galaxy cluster to ouaxyatherefore detailed
investigations and surveys exist (e8§andage and Binggelil984 Sandage et al.
1985 Binggeli et al, 1985 Coté et al. 2004 Fritz and Hevics Collaboratigr2011).

In the early study oBinggeli et al.(1985 there were 2096 galaxies listed in the Virgo
Cluster Catalog (VCC) and 388 of them are in the focus of mghstu

It was first noted byDemler(1974) andDressler(1980 that the distribution of galaxy
types in a galaxy cluster is not homogeneous. In the localésse the fraction of
early-type to late-type galaxies is lower in the inner regiof a galaxy cluster and vice
versa for the outer region. This behaviour is called the rnolggy-density relation
(Postman and Gelled984 Whitmore et al. 1993 Goto et al, 2003. Naturally the
guestion arises why do we have this morphology-densityiogland what drives the
evolution of galaxies?

There are several mechanisms acting on a late-type galaxghare able to transform
it. Some of them are internal others are external mecharasohthe influence depends
on several parameters, for instance the mass and velodie gfalaxy and the density

2parsec (pck 3.09- 10'° m (Jones and Lambourn2004).



of the ICM within the galaxy cluster.

One of the internal mechanisms, which is able to influencdaxgais caused by the
natural evolution of the stars within a galaxy. Due to ste#f@olution, the lifetime
of stars is limited and depends on the initial mass and chammmposition of the
single star. A star like the sun has a lifetime of about 10 Gytle main sequence,
while the lifetime is getting shorter with increasing masg/ar decreasing fraction of
heavy elementsSparke and Gallaghe2000. Massive stars with masses about 100
M. will live only for several million years. In their final staghey will end up in a
super nova (SN) explosion, releasing a huge amount of emeigyhe galaxy and the
gas within. Due to the shallow gravitational potential slesassive galaxies are more
effected by the feedback of the SNe than the massive ones. bnextases, parts the
gas of the late-type galaxy can be “blown out” by the simwdtamrs SNe explosions
in a star forming region, resulting a galactic wiridekel and Silk1986 Izotov et al,
1996 Heckman et a).2007).

There are also external forces acting on late-type galaxiash fall into a cluster.
When the galaxy enters the cluster, the ISM of the galaxyracts with the hot
ICM of the cluster, resulting in the removal of the galaxy®M (van Zee et a).2004
Boselli et al, 20098. In case of the removal of the gas, which is located in thelepe
of the galaxies, the star formation does not stop immedgiaiel decreases slowly until
the gas is consumedidrson et al. 1980. This scenario is also called starvation and
strangulation, respectively.

On the other hand, when almost all gas is removed from thalimg late-type galaxy,
the star formation will decrease on very short time scaldss process is called ram
pressure stripping (RP&unn and Gottl972 Farouki and Shapird981). Figurel.3
shows an observational example for a galaxy in the Virgotetusvhich loses its
gas due to RPSKenney et al.2004). It is also visible in the figure that the stellar
component is not influenced by the RPS event. However, fileeteof ram pressure
on spiral galaxies and their star formation is still debate@avazzi et al. (1995
and Fujita and Nagashim@él999 argued that ram pressure can also induce new star
formation in galaxy, entering the cluster for the first tinly, compressing the gas,
which is left over in the galaxy.

Starvation and RPS are processes that occur in galaxy kdubté they are not limited
to the inner dense core of clust&onnesen et a(2007) showed that they also play an
important role even up to a distance of a virial radius, wlinak a value of 1.5 Mpc in
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Figure 1.3: Combined image (R-band and HI) of NGC-4522 tdkam Kenney et al.
(2009. The HI gas was observed at radio wavelength and is ovéteplgia a contour
map.

case of the Virgo clusteMcLaughlin 1999.

Another process, which influences the evolution of galaxiea cluster, is galaxy
harassmenHarouki and Shapird 981, Moore et al, 1996 Mastropietro et al.2005.

In the harassment scenario high-speed encounters betlester galaxies occur and
in contrast to RPS and starvation, also the stellar compari¢he galaxy areféected.
As a result, disc galaxies will lose a fraction of their stansl the remaining stars will
be heated up, which thickens the stellar disc.

In summary, all the above described processes act on lpgaglaxies, which fall into
a galaxy cluster and result in a morphological transforamatir his transformation will
change the present-day appearance of the late-type gal&ué the question is, how
will the morphology change - to objects looking like todaghisarf elliptical galaxies
or something completely fierent? At present day the question is not fully answered
and there are also arguments against the evolution frostyipes to dwarf ellipticals
due to diterences in their chemical composition (e5gebel et al.2003.

Therefore, the questions about the evolution of galaxietusters or groups, but also
in isolation, is still controversially discussed among tmenmunity and there is no
commonly accepted consensus in this field. To bring the d&on forward and shed
more light on the evolution of galaxies, it is crucial to istigate all the transformation
effects, but also the initial conditions, which are set by theently observed galaxies.
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1.3 The observation of galaxies

To investigate the properties of galaxies and galaxy ctasieformations from the
light distributions of the objects are necessary. The Sigital Sky Survey (SDSS,
Adelman-McCarthy et al2007) provides a wealth of digital informations of the Virgo
galaxy cluster. The SDSS uses a 2.5 m telescope (left paféd af.4) and is located
at Apache Point Observatory in New Mexico, USXo(k et al, 2000 Gunn et al.
2006. To collect the light of the galaxies, the SDSS uses a 120anpegel CCD
camera with a field of view of 1.5 square degree. The cameraistsnof 30 chips
assembled in 6 columns with 5 filters (u,g,r,i and z) per calynght panel of Figl.4)
and a pixel scale of 0.396 arcseBunn et al. 1998. The filter characteristiésare
shown in Fig.1.5, and the informations of the central wavelength and thel“®dith
Half Maximum” (FWHM) are summarised in Tab.1

The SDSS observed the astronomical objects in drift-scadenwhich enables the
observation in each single filter at almost the same time.réfbee, one obtains a
precise photometry for the objects. The exposure time ih &der amounts to 54 s.
Due to the observation of the galaxies with the same telesapl the same
observational technique, we are in the excellent situgtanvestigate the structural
parameters and the evolutionary connections of the lage-tnd early-type galaxies
of the Virgo galaxy cluster based on a very homogeneous sampl

Figure 1.4: The 2.5 m telescope (left) and the CCD-cameraeBDSS (right; both
images from www.SDSS.org).

3Intensities in Figl1.5are given in arbitrary units.
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Figure 1.5: Filter characteristic of the SDSS camera.

Table 1.1: Filter characteristic of the SDSS camera.
Filter Central wavelength FWHM

[Al [Al

3540 570

4770 1370
r 6230 1370
i 7630 1530
z 9130 950
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1.4 Thesis outline

In Chapter 2 the structural properties of Blue Compact Dwatbxies (BCDs) are
studied in more detail, by decomposing the contributionhef $tar burst region and
the old stellar population of the underlying host galaxy.eThsults of this analysis
will be used for the discussion of the possible evolutior@mgnections between star
forming dwarfs and early-type dwarf galaxies.

In Chapter 3 the entire late-type population of the Virgoag#&lcluster is investigated
and the structural properties are derived. The resultsefifierent morphological
types will be compared with each other in the derived paransgiace and, if
necessary, single galaxies will be reclassified to a new habdogical class.

The results of the late-type galaxies will be the foundabdrChapter 4, where the
structural parameters will be used to model the time evatutf the galaxies by the
means of evolutionary synthesis models of GALEV. The oute@hthese analyses
will shed more light on the long debated possible evolutigtiaks between late-type
and early-type galaxies.

13



14



Chapter 2 What will blue compact dwarf
galaxies evolve into?

Blue compact dwarf galaxies are objects with particulaeneisting properties
due to their compact optical sizes, extreme star formataies and low
metallicities, which were therefore first believed to benggystems. With
the improvement of the observational techniques, it was sealised that
there is an underlying component, consisting of old starBiclvin turn
raises the question whether these systems are really yoliognvestigate
the underlying component of the blue compact dwarfs, theribotion of
the starburst regions has to be subtracted from the totaicaptuminosity.
The properties of this underlying component are in the fafuke following
chapter. Furthermore, the derived results of the undegyasomponents
are compared to a sample of early-type galaxies within thrgovcluster.
This study sheds light on the possible evolutionary comestetween the
starbursting blue compact dwarfs and the “red and dead” gésipe dwarf
galaxies.

This study will be published together with Thorsten Liskdpachim Janz and
Polychronis Papaderos.

2.1 Introduction

Galaxy clusters like the Virgo cluster are characterisedabgrge variety in galaxy
morphology. This morphological variety depends on the llgaaxy density, it
therefore shows a clear trend with the cluster centric aét. The dependence
of the morphology on R; was first studied bfpressle(1980 and confirmed by many
subsequent studies (eBjnggeli et al, 199Q Jerjen 2012. At small R.c the dominant
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galaxy types are early-type galaxies (ETGS): ellipticgldkd lenticular (SO), normal
and nucleated dwarf ellipticals (dEs and N,dEs, respdglivdwarf lenticular (dS0),
and dwarf spheroidal (dSph) galaxies, spanning a rangelitghmto low luminosities.
Traditionally, ETGs are associated with a smooth, regyt@earance, with no signs
of star formation. However, among the dEs is a particulaslaf galaxies with
relatively blue cores, which indicate recent or still ongpstar formation at very low
star formation rates (SFRs) (elgsker et al, 20063.

Studies of ETGs showed that they are dominated by an oléspapulation, resulting
in relatively red colours. These properties indicated HBGs are the oldest galaxy
population in galaxy clusters. On the other hand, dynanyigalung galaxy clusters
(e.g. the Virgo galaxy cluster) also contain late-type gialg which, in contrast to the
ETGs, are located at largercR In its low-luminosity end this group is composed
of star forming (SF) dwarf galaxies like blue compact dwaB&£Ds) and dwarf
irregulars (dIs) with properties strikingly ftierent than those of ETGs. As shown by
Vilchez (1995, the H3 equivalent width (EW) of late-type galaxies in the Virgostier
increases with increasing-R echoing the strong impact of the cluster environment on
galaxy evolution.

Tempting questions in this respect are i) how could this molgpgy-density relation
be explained, ii) which mechanisms are responsible for tadugl transformation of
late-type galaxies into ETGs agfRdecreases, and iii) are the descendants of today’s
late-type galaxies objects like ETGs in the Virgo clusten the literature several
mechanisms have been proposed as drivers of galaxy trarefons within the dense
cluster environment, most notablgm pressure strippingGunn and Goittl972), tidal
stirring (Mayer et al, 2001 and harassmen{Moore et al, 1996 Mastropietro et aJ.
20095, all of which have in common the removal of gas (see Hgnsler 2012 for a
recent review).

Dwarf galaxies with a low central stellar densjty, such as dls, are expected to be
particularly prone to gas removal as they plunge into theihwacluster medium
(ICM), whereas highp, systems such as BCDs (cf. elapaderos et al1996H
might be able to retain some fraction of their gaseous resettown to a lower Rc.
But how would these dwarfish late-type galaxies in the ctug&ziphery look like
after some billion years, once their gas content has beeoveth in the course of
one or several passages through the dense ICM core, ancetiseiing long passive
photometric evolution? Addressing this question is fundatal to the understanding
of the morphological diversity of the dwarf galaxy poputetiin clusters. Another
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issue of special interest is, what impact has the initiataciof late-type dwarfs with
the cluster periphery on their SF activity and whether, tatain conditions, starbursts
can be ignited, transforming them into BCDs. If so, then h@these cluster-BCDs
differ from the main population of field BCDs in their recent stamifation history
(SFH) and the morphological and metric properties of thEicBmponent?

BCDs are low-luminosity galaxies (> —18 mag) with a compact optical appear-
ance and blue integral colour§Huan and Martin1981). Many studies over the
past decades have shown that BCDs are metal deficient with clamexygen
abundance 12 log(O/H) ~ 8.0 (e.g.Kunth andOstlin, 2000 and a small percent-
age of systems with a gas-phase metallicity as low .8s<s7.2+ log(O/H) < 7.6
(Searle and Sargerit972 Izotov et al, 19993 Kunth andOstlin, 200Q Kniazev et al.
2004 Papaderos et al2008. These systems (XBCDs) are therefore the best nearby
analogues of young low-mass galaxies in the early Univesse €.g. the discussion
in Papaderos et al2008. Apart from their low metallicity, BCDs also exhibit
strong bursts of star formation, which are fed by a relagidalge amount of gas
(Thuan and Martin1981, Staveley-Smith et 811992 van Zee et a).1998. Various
arguments suggest, in line with evolutionary synthesis elgdthat starbursts in
BCDs do not last longer than a few 1@r (Thuan 1991 Kriger etal, 1995
Mas-Hesse and Kunti1999 Thornley et al. 2000 and have to be separated by long
(~1 Gyr) quiescent phases. Dwarf irregulars, on the other hamedcharacterised by
prolonged low-level star formation over time scales of 450 Mp to 1.3 Gyr, as shown
by, e.g.,McQuinn et al.(2010h see also Skillman et al. (2012) for a review) through
colour-magnitude diagram (CMD) studies of 20 of these sgyste

The seminal study by.oose and Thuai(1985 has shown that BCDs are composed
of two main stellar components. The first one displays theregf the ongoing star
formation where young OB-stars are rapidly formed, it themehas a low NL-ratio.
Due to the simultaneous formation of new massive stars istdrdurst and their death
within several Myr, metal-enriched galactic winds reswjtfrom multiple supernovae
explosions are expected to influence the chemical evoluifoBCDs. However,
studies have shown that in most cases starburst-driverbdekds instficient for
the expulsion of the entire ISM from a BCD (e.8ilich and Tenorio-Tagle1998
Ferrara and Tolstqy200Q Tajiri and Kamaya2002 Recchi and Hensle2006.

The starburst component contributes, on averadg®% of the optical emission of
a BCD and, in some cases, up to 90Rapaderos et al1996h Noeske 1999
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Cairos et al.2001h Amorin et al, 2009. Quite importantly, in several XBCBsebu-
lar emission has been determined to be extraordinarilyge¢EW~ 1600— 2000A)
and to contribute 30-50% of their total optical luminosiBapaderos et al1998
2002, in line with theoretical predictions for young starbgrge.g. Kriiger et al,
1995.

The second component of BCDs is dominated by an old populatfoM and K
stars. This component is referred to in the following ashtbst galaxyor low-surface
brightness (LSB)component and is characterised by a high.vatio. Various studies
indicate that the LSB-component dominates the baryonmt,iimsome cases even the
virial mass of BCDs within their Holmberg radijst therefore has to have a significant
influence on the gas collapse characteristics and the ssadmtivity in these systems
(e.g.Papaderos et all996a Ostlin et al, 1999 Lelli et al., 2012.

According toLoose and Thuaif1986 BCDs can be classified in four main classes,
based on the morphology of their SF- and LSB-component.efallisummarises the
different morphological types of BCDs. Nuclear-elliptical Jraad irregular-elliptical
(IE) BCDs, both characterised by an extended circular gptedal LSB-component,
dominate the BCD population~0%). Irregular (il) BCDs comprise about 10%
of local BCD population. Interestingly, theicometary(il,C) subclass (see e.g.
Noeske et a).200Q for two nearby examples) is remarkably common among XBCDs
(Papaderos et aR008), a fact pointing to a connection between gas-phase natglli
morphology and evolutionary status. This is also indisestiggested by the large
frequency of cometary galaxies (also referred as tadp@es)ng comparatively
unevolved high-z galaxies (e.&EImegreen and Elmegree2010. Whereas, the
galaxies VCC-0802 and VCC-0274 are the most characteggaimples of the il,C
class in the Virgo cluster, a closer inspection of the VC@logjue reveals several more
such candidates. It is probable that the cometary morplatogluster-BCDs has a
different origin than in more isolated systems. Cometary madogiyan field XBCDs
has been proposed to result from unidirectional sequefkahctivity with a typical
velocity of the sound speed in the warm ISM20 knysec, Papaderos et al1998

The X indicates thextremeproperties of these BCDs.
°Note: The LSB-component of BCDs should not be mixed up with glalaxy type commonly

called “Low Surface Brightness galaxies”. To the contrarlyigh central surface brightnegg(B) <22
magarcseé) has been found to be a characteristic property of the LSBdf@®CDs (Papaderos et al.
19964 Gil de Paz and Mador005 implying a much higher central mass density than in dls,thed

more so, in dSphs and genuing & 23.5 magarcseé) LSB galaxies.
3The Holmberg radius defines the radius, whe(®) = 26.5 magarcseé.
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2008. This scenario is supported by stellar age gradients alomfcomets tail” (e.g.
Guseva et al.2003. In the cluster periphery, however, cometary morphologym
arise from extranuclear star formation that is triggeredulgh the interaction with the
ICM (seeHensler 2012 for a recent comprehensive review), as, e.g. the impressiv
cases of two SFDGs in Abell 136G&vazzi et al.2001) demonstrate.

Apart from the classification scheme &bose and Thuar{(1986, there are also
other proposed schemes in the literature based on phoforaatfor spectroscopic
properties of the BCDs (e.&alzer et al(1989, Sung et al(2002, Telles et al(1997)
andCairo6s et al(20013). In the study presented here, will shall use the classidina
schema by.oose and Thua(iL986.

The evolution of star forming dwarf galaxies (SFDGSs) like BCto “red and dead”
early-type galaxies is still under debate and there is nisfgatg answer right as
yet. Early studies byrhuan(1985 and Davies and Phillippg1988 introduced the
possible evolution of dIs into BCDs in several bursts andlfmafter reaching a higher
metallicity and the depletion of gas, the fading into dEBuan(1985 concluded that
the metallicities of BCDs and dEs are veryfdrent and that only periods of 3-10 bursts
over the Hubble time could be able to produce the metallraitge of dEs. The study
of Marquart et al(2007) on the BCD He 2-10 showed that the stars in this galaxy have
random motions and show signatures of a merger. They coatltitht, due to the
velocity dispersion of the stars, in the future this BCD maglee into a nucleated
dE. In comparison to this, the simulationsBékki (2008 showed that dwarf-dwarf
mergers are able to produce BCDs, but the further evolutidhese BCDs into dEs
with no gas is ruled out due to the extended gas discs of thelaied BCDs.

In contrast to BCDs, the early-type dwarf galaxies (ETDG®Wgalmost no evidence
for ongoing SF. However, several studies e.gVigroux et al.(1984), Gu et al.(2006

or Lisker et al.(20063 found dEs with blue colours (so called dE(bc)s) in theirtcan
region. The study byisker et al.(20063 of 476 dEs in the Virgo cluster has disclosed
23 dEs with central blue colours, indicating recent or ongdsF. Since the debate
of the evolutionary connection of ETDGs and BCDs is still omg, it is worth to
compare the structural properties of these two types okgadBCDs vs. ETDGS)
and in particular the properties of the dE(bc)s (BCDs vshdlH).

The goal of this study is to shed light on two questions. Fisdtether BCDs in the
periphery of galaxy clusters share similar structural praps with field BCDs and,
secondly, whether the former can evolve into dEs after teeat@n of their starburst.
Neither question has been previously addressed in thatliter.
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Table 2.1: Diterent subtypes of BCDs according to the morphology of thebstat-
and LSB-component.
Subtype Description
nE nuclear star forming region and
elliptical LSB-component<20%)
iE irregular star forming region(s)
and elliptical LSB-component{(7/0%)
il irregular star forming region(s)
and LSB-component(10%)
il,C il with cometary shape
i0 no detected LSB-component (very rare)

This paper is structured as follows: Section 2 presents ampe of cluster BCDs
and the classification criteria used. In Section 3 we dis¢thesmethod used to
derive surface brightness profiles (SBPs) and their decsitipo into the luminosity
contribution from the starburst and the underlying LSB-poment. Several examples
of our decomposition methodology and an initial discussibthe derived structural
properties are given in Section 4, and in Section 5 we presenmparative study of
the structural properties of our BCD sample with field BCOs,ahd dEs. Our results
and conclusions are summarised in Section 6.

2.2 Sample selection and data reduction

2.2.1 Sample selection

Our sample is based on the Virgo Cluster Catalog (VCCBIggeli et al.(1985,
which includes galaxies of all types within the Virgo cluséeea. Due to incomplete
velocity information for the VCC galaxies, the VCC includesrtain and possible
cluster members (updated Bynggeli et al, 1993, apart from background galaxies.
Since new velocities have become available in the meantiargely due to the
Sloan Digital Sky Survey (SDS®delman-McCarthy et al.2007), the membership
was revised by one of us (T.Lisker, see appendidainmann et al. 20J)1using
the NASAIPAC Extragalactic Database (NED). If a galaxy is listed astain or
possible member in the VCC, but has a velocity above 3508 kihis considered
as a background galaxy. We do not change possible to certmo@rs or vice versa.
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For our study we take into account both certain and possiklaibers to a magnitude
limit of mg < 18.0 mag, to which the VCC was found to be compléan@geli et al,
1985. When applying a constant distance modulus cf M = 31.09 mag ¢l = 16,5
Mpc; Mei et al, 2007 to all galaxies, this corresponds to an absolute magniiode

of Mg < —13.09 mag.

Within these limits, the VCC contains 57 galaxies which h#ve term “BCD”
included in their morphological type, 38 of them with BCD ks bnly or primary class
(Tab.2.2.2. Among the galaxies listed as “unknown” in the VCC, a visnapection

of the SDSS imagéssuggests a reclassification of VCC-0429 and VCC-1713 to the
transition type “Im/ BCD”, and of VCC-1411 to a possible “BCD?”, thus adding up
to 60 galaxies, and 39 with BCD as primary class. Since the y&@ographic plates
were more sensitive in the blue, it needs to be kept in mintdtths.could have partly
influenced the classification, as any underlying red stpbiulation would appear less
prominent in the blue. Therefore, we treat the 39 galaxié¢ls piimary class BCD as
the primary working sample for our analysis. The remainihgalaxies with uncertain
morphological classification, but still possibly being aBCre treated as a separate
sample, which will be compared to the BCDs in Sect2of.8

2.2.2 SDSS data

To analyse the Virgo BCDs we have used the SDSS Data Releas€R 5) in u,
g, I, i and z band with anfiective exposure time of 54 s. Due to ifiscient sky
subtraction of the SDSS pipeline for nearby galaxies ofdapparent size, we used
the sky-subtracted images bisker et al.(2007), using DR5 data. All images were
flux calibrated and corrected for Galactic extinction fallng Schlegel et al(1998.
Five of the 39 BCDs are not covered by the SDSS DR5 and one BGRdlsided
because of a nearby other galaxy (VCC-1944). Fi@Quishows the distribution of the
remaining 33 BCDs within the Virgo cluster. The position o8Klis marked with a
black cross.

To avoid contamination by other sources than the galaxif,itsge has to remove these
sources very carefully. This was done for the BCD sample plaoing for instance
the flux of a star by the median flux of its environment.

For the analysis of the sample of dEs, dE(bc)s and dIs weWdhe method described
in Lisker et al.(2007) andJanz and Liske(2008. The parameters of the additional
sample are measured within an elliptical aperture of twod3&tn radii Petrosian

4Using the online Image List Tool of the SDSS, hitgkyserver.sdss3.qidy§/entoolgchartlist.asp.
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Table 2.2: Galaxies that were initially classified accogdin their morphology as
“BCD” or “uncertain BCD”. In the VCC a ™" indicates a weak uextainty in the
morphological classification of the galaxy, whereas a “Ahsito a strong uncertainty.
Roman numerals are the luminosity class of the galaxy reggthe original catalogue
by Sandage and Bingggl1984.
Amount Type
38 “BCD”, “BCD?”, “BCD:”,“BCD or merger”
10 “Im /BCD”, “Im Ill /BCD”, “ImIll /BCD:”
“Im 11l /BCD?”, “Im lll,pec/BCD”

“unknown” — “Im / BCD”
“unknown” — “BCD?”

3 “Spec/ BCD”, “Spec,N/ BCD”

3 “Smlll /BCD”, “SBm Ill / BCD”
1 “dS?/ BCD?”

1 “Sd/ BCD?”

1 “dS0 or BCD”

2

1

1976 and objects, which do not belong to the galaxy were maskedTine dfective
radius was measured via:

Rer = an - V(b/a), (2.1)

with the semi-major axis half-light radiug,@and the axis radio (h).

2.3 Surface photometry and decomposition

BCDs consist of a starburst (SB) component embedded witimora extended stellar
LSB-component of older stars (see Sectibf). The luminosity contribution of the
starburst amounts, on average~t60% of theB band emission, and in some extreme
cases reaches up t090% (Papaderos et all 996k Noeske 1999 Salzer and Norten
1999 Amorin et al, 2009. On the other hand, the starburst component is almost
negligible, in terms of its fraction bynass as its ML ratio is several times lower
than that of the LSB-component. An adequate separatiorsantission via 1D or
2D decomposition is clearly necessary for isolating thessmn and studying the
structural properties of the host galaxy. Indeed, the caw@&BP of a BCD holds
prior to decomposition little insight into the photometstructure. For example,
Papaderos et a[19960h) have pointed out that the SBP of a nE BCD can closely
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Figure 2.1: Map of the Virgo cluster. Red symbols refer to BCDig black dots
to galaxies of the class “unknown”, small black dots to edylye galaxies, green
asterisks to dE(bc)s and the black cross to M87.

resemble the R* SBP of a massive elliptical, whereas a typical feature o2B€s of
IE BCDs is an extendeplateay which can be fitted by a Sérsic law with an exponent
of 2.55 n <4, and resembling the bulge of SO galaxies. Similarly tfiective radius
Rer, @ quantity commonly used in studies of highgalaxies, can vary by up to a factor
~3, depending on the starburst luminosity fraction (cf. Pagpaderos et aR006.

For galaxies with a smooth appearance like elliptical gakathe easiest way to obtain
SBPs is to use elliptical apertures and sum up the enclosedDlue to the irregular
morphology of BCDs, however, such an approach is imprdctaa the one hand
because the choice of the 'galaxy center’ is subjective aclength-dependent (thus
SBPs and radial colour profiles are not easily reproducilaiedi, on the other hand,
because SBPs derived in this way show, in the case of iE- aB@Ds, discontinuous
jumps. In some cases, the latter can significanffgc the intensity profile of the
LSB-component, thereby biasing studies of the photomstriacture of BCDs. 2D
axis-symmetric models to BCDs other than those falling thi® nE class also yield
systematic residuals, unless one carefully masks out aauisa¥itting of the SF-
component, as was done in eAmorin et al.(2009.
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Therefore, we applied method iv) Bapaderos et aj2002, which was also used by
Noeske et al(2006 under the name LAZY. This method, which has as input a set of
co-aligned multi-band images of the same pixel scale (SIDS¥6 arcsepix) and
point spread function (psf), does not require a choicsetferd¢entre’ of a galaxy. In
our study, an average FWHM of the psf of 4 pix (1.584 arcses) applied to smooth
the input images with a Gaussian convolution kernel. Froesehco-aligned images
a 9N weighted average image (called reference frame) is aeatbich is used to
calculate a mask for each intensity intervdlwithin the range }in t0 Inax. Pixels
outside the intensity interval of4 Al < F < | are set to zero, while pixels within
the interval are given full consideration (set to unity). the next step, each mask
is multiplied by all input images (ugriz-band) and the fluxmeasured within each
irregular mask. The corresponding photometric radiugsRalculated as:

A+ A 12
R = ———— . 2.2
( e ) 2.2)

In Equation2.2, (A, + A _,) are the areas with intensities above | andAl. In the
case of multiple SF regions the Berived in this way corresponds to the sum of their
area, a concept which translates into a monotonous incoéaiadius with decreasing
intensity threshold.

A validity check of Lazy can be found in Secti@3.6 where the SBPs of dEs are
compared for dterent methods of profile derivation.

2.3.1 LSB-component: exponential model

To distinguish the SB- from the LSB-component we use (geipuar profiles. At
smaller R the (g-i)-colour profile is due to the superposition of thatciution of the
young SB population and the old population of the LSB-congmnwhich results in
relatively blue values. At largerRhe contribution of the SB-component vanishes and
the old LSB-component dominates, which results in reltieenstant red colours.
The radius beyond which the colour index levetsto a red, nearly constant value
is referred to adransition radiusR; (Papaderos et al1996h Cairos et al. 2003
Noeske et a).2003. We used this characteristic radius to define the minimum R
for fitting an exponential law of the form

I.se(R") = ILseo exp [-(R*/a)], (2.3)
to the LSB-component. In units of mag arcseEquation2.3reads as
uLse(R") = uisgo + 1.086(R"/a), (2.4)
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where |sgo andu, sgo are the central intensity and central surface brightnesbeof
LSB-component, and is its exponential scale length.

2.3.2 LSB-component: inner flattening

In some cases the extrapolation of the exponential fit teORarcsec exceeds the
intensity observed at intermediate and small radii. Thiplies that the exponential
law is not applicable in the central part of the LSB-compdremd must flatten to
a central surface brightness that is lower than the extapdlvalug sgo of the fit
for R">Ry. This kind of perfectly exponential SBPs with a flat core weoticed by
Binggeli and CameroK199]) who have called them type YPapaderos et {19960
introduced a modified exponential law to approximate sudifilps, motivated by
two considerations: First, a Sérsic law with a shape par@ame < 0.5 cannot fit
type V SBPs without producing systematic residuals (deeske et a).2003 for a
detailed discussion of this subject). Secondly, as showrabiation transfer models
by Papaderos et 19961, a Sérsic law withy < 0.5 implies an extended 'hole’ in the
intrinsic luminosity density of a spheric-symmetric emittif radiation isotropy, and a
uniform M/L ratio and intrinsic extinction are assumed. As these asthonsidered
the evacuation of the dwarf galaxy centres to be improbathey introduced an
intensity profile for which the intrinsic luminosity dengiincreases monotonously
with decreasing radius (for small flattening parametersastt see below) and has
a finite central value. This modified exponential fitting lanodexp) has the form

I.se(R") = ILsBo eXp(—%) [1-q- exp(-Ps(R"))], (2.5)
where 3
Py(R) = (E_a) R (% . %) (2.6)

with the typical ratio g being of the order of threeP@paderos et al1999 and
Papaderos an@stlin, 2013). b is a measure of the radial extent of the central core
in units of the exponential scale lengthand g= & describes the attenuation of the
modexpfit, as compared to the central intensityd, predicted by the pure exponential
fitting law. A parameter of (Jg) = (2.40,0.80) corresponds to a flattening of the
central intensity for a pure exponential LSB-component@¥2and a core radius of
2.4a. Due to the poor knowledge of the structure of the LSB-congpbim its central
part it is not clear at the moment which parameter combinatio(b,q) satisfactorily
describes the original shape. Therefore, the choice of brept a straightforward task
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and has to rely on plausibility considerations (dbeske et a).2003. In this study a
flattening toward smaller radii was only applied whenrg, exceeds the LSBSB
central surface brightnegsg,o, and the spectrum shows clear signs of star formation.
For a detailed discussion about the advantage of usingriagieformula instead
of Sérsic fits we refer to the study dfoeske et al(2003 and Cairbs et al.(2003.
By using a parameter of () = (2.40,0.80) the resulting magnitude of the LSB-
component is increased by 0.48 mag agds reduced by 747 magarcseé. Since
the magnitude dierence of 0.48 mag is applied to all filter bands, the colofith®
LSB-components are noffacted.

The SBP of the galaxy VCC-0641 exemplifies the central flattgof the exponential
LSB-component (see Fig.5and Sectior.4.7).

The mean fective surface brightnegg).; of the LSB-component was calculated by:

(e s = Miss + 2.5l0g (27 R sp)- (2.7)

The dtective radius B sg Of the LSB-component was determined by the integration
of the exponential or flattened SBP to the radius within whuiok half of the total flux
is enclosed.

2.3.3 LSB-component: outer tail

The inspection of the SBPs of our BCD sample reveals that istngases the
exponential slope of the LSB-component shows a slight flaite for large radii,
corresponding to very faint surface brightness levels (27 magarcsec2). This is
illustrated in Fig.2.2 for one galaxy, and is also clearly visible in F@5 for VCC-
1744 for a radius R- 15 arcsec. We note that such a flattening has been reported in
the outskirts of some BCDs, e.g. Il Zw 71 and Mrk 178, and ittdbates for no more
than~3% of the total luminosityRapaderos et akR001, 2002.

Due to this additional flux contribution from the outermasminosity component, it

is possible that the R is slightly increased, even though thi$e=t is likely marginal.

To check the influence of the tail on thg;Rthe LSB-component was integrated for an
exponential slope until § and then for R> R; with the observed tail (the LSBail-
profile). The radius where the observed SBP of the LSB-compbdeviates from

a pure exponential slope is called tail-radiug)R This tail-radius R; is located in
Fig. 2.5for VCC-1744 at a radius B 15 arcsec. If necessary, a flattening of the SBP
towards smaller radii was applied too.

In Fig. 2.2 0ne can see an example of an SBP with a talil.
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From the integration of the LSRBail-profile one can also obtain the Petrosian radius
where then — functior? reaches; = 0.2 (Blanton et al. 2001, Yasuda et a).2001).

For reasons of homogeneity all parameters are derivedmitto Petrosian radii of
the LSB+tail-profile. The tail of the BCDs may be caused by nearby Hirgtars

or galaxies, which increase the local sky. LAZY, just liké suirface photometry
codes, is very sensitive on the quality of sky subtractiamj] abjective selection
and removal of areas with enhanced sky level adjacent toaxga$ dificult, and
may introduce additional uncertainties. To overcome th@blgm the parameters
of the LSB-components were derived withig;Rand subsequently corrected for the
missing flux. The latter was estimated by integrating the Sages in each filter

in the interval of [Rai : Ropetrosiag USING elliptical apertures and the masking program
SExtractor Bertin and Arnouts1996. This analysis resulted in a correction vaie

of the magnitude and &, respectively. The final parameter X was corrected by the
following equation:

Xcorrected: X (S Rtail) + oX. (2-8)

Using this correction all photometrical and structuralgmaeters were derived within
two Petrosian radiiRetrosian1976 Graham and Drive2005 with 1(Rpetrosia) = 0.2
using the combined SBP of the LSB-component. This combirg&is-profile accounts
for additional flux at very low surface brightness level. Bwe diagrams and tables of
this work, all value were corrected for the tail with the abalescribed technique.

2.3.4 Starburst component

The SBPs of BCDs display at small photometric radii a lumityas<cess that is due to
emission from the SF regions. However, this central pealBiRsSdoes not necessarily
imply that all SB regions are centrally confined to the BCDthgs/en that LAZY
automatically ascribes the smallest # the brightest region in a galaxy. Besides
a central, nearly Gaussian luminosity peak, reflecting thession of the brightest
SB region (if available), the SBPs of BCDs display at smaihtermediate radii the
plateaufeature mentioned in Section 3. The plateau can be apprédr(aee e.g.
Papaderos et all996h) by the Sérsic lawérsic 1968:

Ip(R") = Ipo exp[-(R"/B)"], (2.9)

with the scale lengtg and the Sérsic index

SPlease do not mix up of the Sérsic law with the of the, — function.
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Figure 2.2: SBP of a BCD. Left panel: Line corresponds to gyoaential fit to the

LSB-component and the red data points show the outer tatband. Right panel:
same, but for the g,r and i-filters. Obvious are the outes wiilthe profiles at low
surface brightness levels. The horizontal bars indicateadlius at which the profile
deviates from a pure exponential fit.

The corresponding surface brightness reads:

pp(R’) = ppo + LOBB[(R/B)"]. (2.10)
Even in the case of a flatting of the SBP towards smaller phetocradii, a weak
starburst is assumed and superposed on the LSB component.

2.3.5 Determination of the apparent axis ratio

To derive the apparent axis ratigdb= 1 — € - where a and b are the semi-major
and semi-minor axis, respectively aads the ellipticity of the LSB-component - we
used the IRAF taslellipse (Jedrzejewski1987. The axis ratio pa was measured
at a radius of one Petrosian radil®e{rosian197§ with an elliptical annulus. The
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Petrosian radius was measured for the entire BCD withoutlangmposition into star
burst and LSB-component. We choose the one Petrosian redaveid disturbances
due to the star forming inner regions of the BCDs. The axi rafs determined by
the co-added optical gri-image of the BCD, without takingpiaccount the flattening
of the LSB-component. Since the flattening is only importanthe inner part of the
LSB-component the axis ratio at larger radii is nffeeted and therefore no special
algorithm was applied.

2.3.6 Additional tests: comparison of SBPs for dferent methods

To check the validity of the code LAZY, we compare the reswitsLAZY with
IRAF/ellipse for two dwarf elliptical galaxies. Since the lighstlibution in dEs is

a smooth function, both methods should provide the samédtsedtigure2.3 shows
the comparison of both methods for two example dEs from tmgoveluster (VCC-
0218 and VCC-0916). As one can see, both method indeed pradoost the same
SBPs. To obtain the magnitude and ttieetive radius of the galaxies, the SBP were
integrated over the entire range of radius. The resultsefritegration are shown in
Tab.2.3

Table 2.3: Comparison between LAZY and IR&Hipse.
VCC  Mejipse Miazy  Rerelipse  RefrLazy
[mag] [mag] [arcsec] [arcsec]
0218 14.13 14.02 12.80 13.48
0916 14.81 14.83 5.33 5.249

Additionally, values of the total SBP, where no decompositvas applied, of the two
BCDs are displayed in Tal2.4 The SBPs were integrated by using threffedent
methods, namely a profile integration using the programa@ythAZY and AMOR.
For these two example galaxies, one can see that the resellis good agreement.
However, LAZY seems to produces slightly largdieetive radii.

2.4 Results

2.4.1 Decomposition examples

In this section we discuss in more detail our analysis mailogy on the basis of
three illustrative examples. The upper panels of Eig.show the co-added gri-SDSS
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Figure 2.3: SBPs of two dEs from the early-type sampldariz and Liske(2008);
Janz and Liskef2009, derived with LAZY (green) and IRAfellipse (red data points),
respectively. Left: VCC-0219; Right: VCC-0916.

Table 2.4: Comparison between python-, LAZY- and Amor-gnétion. “expo”
corresponds to an exponential fit to the LSB-component.

VCC r'npython Miazy  Mamor Reﬁipython ReﬁiLAZY ReﬁiAmor
[mag] [mag] [mag] [arcsec] [arcsec] [arcsec]

0001 14.76 14.73 1473 459 4.84 4.53

0024 14.82 14.80 14.88  4.49 4.77 4.23
0001 (expo) 14.86 14.86 - 5.04 5.03 -
0024 (expo) 15.08 15.08 - 5.30 5.28 -

images of these three galaxies. VCC-1744 (left) shows a s&#png star forming
region, which is @-centred. On the other hand, the star forming regions in \023G0
are spread over the entire galaxy, resulting in an irredu@-component. This is also
visible in the contour map of the galaxy (middle right pan&CC-0641 also shows
star formation spread over a large fraction of its surfadd whe dominant SF knot,
which is df-centered. The SDSS spectrum of VCC-1744 shows very stnoigsen
lines, as typical for BCDs. VCC-0130 and VCC-0641 also shavission lines and
a rising blue continuum in their spectra, even though thesisston lines are not as
strong as in the case of VCC-1744. Fig@r& shows the results of our decomposition
analysis of these three BCDs. The upper panels ofZ&show the SBPs in the r band
and the lower panels show the colour profiles. The colour lpsofor the galaxies
do not cover the same range in photometric radius as the S8¢ige the /8l in
the outskirts of the LSB-component become lower, resuliing large variation in
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the colours. VCC-1744 on the left hand side of b is an example for a galaxy
with an exponential LSB-component. By extrapolating itspsl to R = 0 arcsec
one obtains a central surface brightnesug@fsg = 2161 magarcseé. At u =

25 magarcset the size of the SB- and LSB-component amourg R= 2.4 arcsec
and R, = 116 arcsec, respectively. The transition radius - where theucs are
getting roughly constant, or the slope of the colour-profi@nges - was found to
be Ryans ¥ 4 arcsec. This can be seen in the colour profile in the lowérplahel

in Fig. 2.5, At smaller radii (R < 4 arcsec) the colours became bluer, due to
the strong star forming region. The SBPs of the galaxy VCB0({middle) and
VCC-0641 (left) of Fig.2.5show that a pure exponential approximation of the LSB-
component would overestimate the central surface brigstoéthe LSB-component
(uoLse)- Therefore, we assume a central flattening with a flattepargmeter of (b,q)

= (2.4,0.8) and obtaipg, sgnar = 2213 magarcseé for VCC-0130 anduo sgfiar =
21.95 magarcseé for VCC-0641. Furthermore, looking at the central uppergbar
Fig. 2.4, one can see that the optical image of VCC-0130 shows sestaralorming
regions, which further justify the application of theodexpfitting function.

The colour profile of VCC-0130 shows a very flat form with nothaf a strong
star formation, but with the informations from the opticalage and the spectrum
it is evident that the BCD hosts significant SF activity, atfagain motivating the
application ofmodexp.  On the other hand, the colour profile of VCC-0641 shows
redder colours at larger radii, indicating a change of tle#last population from its
SF component towards its LSB-component. Another aspedthwi apparent from
the colour profile of VCC-0641, is some ambiguity in the ciasstion of BCDs: the
starburst component isfiset from the centre indicating an irregular starburst. The
LSB-component has an elliptical shape, but with some distgrthus it is possible to
classify it both as il or iE.

2.4.2 Comparison of integral photometric properties with hose of the LSB-
components

The structural and colour properties of the BCDs are ilatsul in Fig.2.6 for
the entire galaxies, and in Fig2.7 through 2.9 for the LSB-components only.
Table 6.2 summarises the results of our analysis. For every single B@Dresults
for the total BCD and the underlying LSB-component are giyeolumn [5] to
[12]). The membership (ms) to the Virgo cluster was adaptechBinggeli et al.
(1985 andBinggeli et al.(1993 with an update by T. Lisker (sdasker et al.(20063
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Figure 2.4: Co-added gri-SDSS images (upper), contoursnfiagiddle) and spectra
(lower) of VCC-1744 (left panel), VCC-0130 (middle panet)davVCC-0641 (right

panel).

and references therein) with recent values from the lieea(column [2]). The
classification criteria of the LSB-component (column [3fe aiven according to
Tab.2.1 Column [4] indicates whether a flattening towards smabelinvas applied
(see Sectior2.3 for more details). Column [14] shows the total absolute nitage

of the entire BCD when applying the distance given by the GOIlii® data base.
The diferences between a distance of 16.52 Mpc and the GOLDMinamntistare
discussed in detail in Sectidh5.2
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Figure 2.5: Upper panels: SBPs (up) and colour profiles (Jafgalaxy VCC-1744
(left) and VCC-0130 (right) in the r-band. Lower panel: sameVCC-0641. In the
case of VCC-1744 a pure exponential law was assumed to fit 8 domponent,
while for VCC-0130 and VCC-0641 a profile flattening towardsadler radii was
assumed.
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Figure 2.6: The M- res — (u)s-plane of BCDs and ETGs. No decomposition into
starburst and LSB-component was applied. Red squaressesyirthe BCDs. Black
dots represent the sample of early-type galaxies taken f&m and Liske2008);
Janz and Liskef2009, and green asterisks are dE(bc)s frioisker et al.(20063. The
20 deviations of the ETGs is displayed by the vertical bars.eBlguares are possible
BCDs, but with an uncertain morphological classification.
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Table 2.5: Derived structural parameters of the BCDs and
their LSB-components.

VCC ms LSB Flattening (g i) (9—1)isg Mitr Miser Rerwotr[KPC]  Reriser[KPC]  (Weiorr  eriser D [MPC]  Miotr
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14]
0001 2 nE 0 0.881 0.873 -16.32 -16.27 0.38 0.39 20.16 20.30 0 32-17.75
0010 1 iE?? 0 0.735 0.754  -16.09 -15.87 0.37 0.42 20.36 20.84 2.0 3 -17.52
0022 1 nE 0 0.638 0.734  -15.45 -15.30 0.39 0.42 21.07 21.42 0 32-16.89
0024* 2 nE 0 0.695 0.765 -16.24 -16.01 0.36 0.42 20.12 20.69 .0 32-17.68
0074 1 nE 1 0.736 0.765 -15.23 -15.23 0.59 0.57 22.22 22.12 0 17.-15.30
0130 1 il 1 0.417 0.400 -14.65 -14.73 0.36 0.35 21.73 21.60 017.-14.72
0144 2 iE 0 0.149 0.249 -16.51 -15.97 0.25 0.34 19.08 20.26 0 32.-17.94
0172 1 il 0 0.489 0.743 -16.82 -16.30 0.84 1.07 21.38 22.42 0 32.-18.25
0207 1 il 0 0.271 0.215 -14.57 -14.19 0.21 0.26 20.67 21.50 032.-16.01
0223 1 nE? 0 0.623 0.758 -15.37 -15.01 0.32 0.41 20.74 21.63 .0 32-16.81
0274 1 il 0 0.473 0.622 -14.40 -14.34 0.55 0.60 22.87 23.13 032.-15.84
0324 1 i? 0 0.476 0.630 -17.46 -17.25 0.96 1.17 21.03 21.68 0 17.-17.52
0334* 2 iE 0 0.526 0.698 -16.02 -15.72 0.43 0.54 20.74 21.53 .017 -16.08
0340* 1 nE 0 0.632 0.753 -17.00 -16.46 0.52 0.68 20.18 21.28 .0 32-18.43
0410 2 ] 0 0.294 0.460 -14.42 -14.31 0.30 0.31 21.53 21.70 0 17.-14.48
0428 2 il 0 -0.049 0.164 -14.41 -14.32 0.42 0.44 22.30 22.47 .017 -14.47
0429 1 iynl 0 0.630 0.883 -15.16 -14.95 0.79 0.98 22.92 23.60 17.0 2315
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VCC ms LSB Flattening (g i) (9—1)isg Mitr Miser Rerwotr[KPC]  ReriserKPC]  (Weiotr  (errssr D [MPC]  Miotr
[1] 2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14]
0459 2 il 0 0.489 0.636 -16.75 -16.20 0.53 0.67 20.47 2151 017.-16.81
0513 1 il 0 0.823 0.770 -16.48 -16.51 0.49 0.56 20.55 20.83 017.-16.54
0562 2 il 0 0.316 0.399 -1550 -15.45 0.64 0.53 22.12 21.76 017.-15.56
0641 2 il 1 0.329 0.406  -15.51 -15.54 0.48 0.46 21.49 21.37 023.-16.23
0802 2 ilC 0 0.630 0.726  -14.98 -14.96 0.68 0.68 22.76 2279 7.01 -15.05
0841* 2 iE 0 0.761 0.853 -16.46 -16.19 0.91 1.14 21.92 2267 .017 -16.53
0890* 1 IE? 0 0.531 0.819 -15.07 -14.81 0.31 0.39 20.98 21.72 3.02 -15.79
1141 2 nE 0 0.733 0.738 -15.50 -15.34 0.40 0.46 21.08 21.57 0 23-16.22
1313 2 il 0 -0.263 0.058 -1450 -13.66 0.18 0.26 20.33 22.03 .017 -14.56
1411 2 iE 0 0.650 0.768 -16.19 -16.20 0.98 1.09 22.34 2258 0 17.-16.25
1437* 2 nE 0 0.715 0.801 -16.74 -16.40 0.37 0.50 19.69 20.70 .0 17 -16.80
1459 1 IE? 0 0.762 0.820 -15.22 -15.21 0.65 0.72 22.44 22.67 .0 17-15.28
1572 1 iE 0 0.769 0.914  -15.79 -15.57 0.91 1.06 22.58 23.14 0 17.-15.86
1713 1 il 1 0.599 0.750 -15.71 -15.70 0.79 0.89 22.37 2264 017.-15.77
1744 2 nlC 0 0.204 0.598 -14.80 -14.59 0.49 0.60 22.23 22.87 7.01 -14.87
2015 1 nE? 0 0.655 0.771  -15.49 -15.36 0.60 0.66 21.99 22.33 .0 17-15.55
2033* 2 iE 0 0.691 0.826  -16.59 -16.17 0.63 0.84 21.01 22.04 .017 -16.65

Derived structural parameters of the BCDs and their LSBmaments.

Notes.[1]: VCC-numbers marked with “*” were also discussedLisker et al.(20063; [2]: membership (ms) of the BCDs regarding the

VCC,; [3]: detailed classification of the LSB-component (3ab.2.1); [4] flattening: % flattening was applied; [13]: GOLDMine distance;
[14]: magnitude with GOLDMine distance.



2.4.3 Colour-magnitude diagrams

Figure2.7 shows the colour-magnitude diagram (CMD) of the LSB-congmis (red
squares) of our BCD sample. Galaxies with a profile flattetavgard smaller radii
are indicated with a black cross and the corresponding éhanghe magnitude is
described by a vector. As mentioned in Sectib8the profile flattening parameters
(b,q) are uncertain, therefore, the vector is to be regaadeah aid to the eye, pointing
to the locus of the diagram where the true values are expéated. The criteria for
the profile flattening were only fulfilled for three BCDs (VA@74, VCC-0130 and
VCC-0641).

Blue squares show the results for galaxies with an uncentairphological classifi-
cation (see also Sectiah4.8. Additionally, we plot with black dots the CMD of
ETGs within the Virgo clusterJanz and Liske2009. Horizontal bars indicate thex2
deviations of the early-types within a magnitude bimdf, = 1 mag (vertical length
of the bars). The green asterisks correspond to dEs withea dadte in the centre,
taken fromLisker et al.(20063. On average the LSB-components of BCDs are still
bluer compared to the ETG population in the Virgo clustere T®B-components of
the BCDs show a large spread in (g-i)-colours of about 1.2, nmagpntrast to the dEs
with a colour range of 0.96 mag. On the other hand, there isatremely blue BCD
(VCC-1313), which can be found at {gi), sz ® 0.03 mag. Such an extremely blue
(g —i)_gg-colour can naturally arise from extended nebular emissieris the case for
the XBCDs SBS 0335-052 BPapaderos et al1998 and | Zw 18 Papaderos et al.
2002. Extended nebular emission could diminish morphologasaimmetries, and
due to its nearly exponential drogkdor large radii, it can easily be mistaken for
a stellar disc in distant, poorly resolved starburst gasxPapaderos et al2002
Papaderos an@stlin, 2019). Therefore, some caution is in order when the data of
VCC-1313 are interpreted.

Looking at Fig.2.7, one can see that the dE(bc)s are slightiiget from the Virgo
dEs on the CMD plot, showing bluer colours with an averagg-@@lour of (g—i) =
0.81 mag. It looks as if dE(bc)s are the brighter extension efltBB-components
of BCDs. There are two low luminous dE(bc)s (VCC-0674 and MI80D1) with
M, > —-15mag. These two galaxies have a loyNSand therefore their derived
properties should be regarded with some caution.

Lisker et al.(20063 included in their study an additional sample of galaxied #iso
includes BCDs of our here presented study. These galaxigsliisker et al.(20063
are marked in Tal6.2with a “*”. Due to the sample selection, all BCDs in the sample

37



of Lisker et al.(20068 show regular elliptical isophotes, corresponding to theype.
To gain a deeper insight on the structure of the BCDs we absssifly the shape of
the starburst region and of the LSB-component based on #issiitation schema of
Loose and Thuati1986. These subtypes of the BCDs are also shown in ®ab.
Calculating the average (g-i)-colours of theéfdient subtypes of BCDs one finds the
tendency that BCDs with regular LSB-components (nE or iE)radder than irregular
shaped LSB-components (see Talh). The right hand side of Fig2.7 shows the
same CMD but additionally the Virgo dwarf irregulars (dlaye plotted. No obvious
separation between BCDs or dIs can be found, since they atoesr the same region
in the CMD. However, the dlIs tend to have redder colours atéaimagnitudes, with
colours comparable to the ETGs or even redder. The uppet payel of Fig.2.6
shows for comparison the same CMD, but there the total valtide entire BCDs are

used.

Table 2.6: Average values offtkrent dE- and LSB-types.
Subtype (g-i) o (M) o (Radlkpc] o (Wa,) o
dE(bc) 0.814 0.084 -16.81 0.93 1.10 0.34 2189 0.88
BCDs (total) 0.535 0.243 -15.68 0.82 0.53 0.22 21.36 0.98
BCDs (LSB) 0.647 0.217 -15.49 0.80 0.61 0.26 21.84 0.90
nE (LSB) 0.760 0.051 -15.64 0.55 0.55 0.14 2156 0.79
iE (LSB) 0.711 0.213 -15.81 0.49 0.68 0.33 21.70 1.17
il (LSB) 0.521 0.264 -15.14 0.89 0.60 0.26 22.13 0.79

Notes.The averages were determined for colours of {§j > 0 mag to avoid extremely blue
BCDs, which could be contaminated by strong nebular emmssi@orresponds to the standard

deviation of the mean.

2.4.4 Sizes of BCDs

Figure 2.8 shows the ffective radius By vs. the mean féective surface brightness
(e in r-band of the LSB-components and ETGs. The meaning of thwosls is
the same as in Sectidh3.2 From Fig.2.8 one can see that the LSB-components of
the BCDs occupy a region at the edge of tle&ea of the ETGs. With decreasing
(e, the LSB-components tend to become more compact than the EV@®n

5Note that thedls of our sample and thims of the VCC are handled as the same morphological
class of dwarf irregular galaxies and we therefore use bothtions.
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Figure 2.7: Left: CMD of the LSB-components of our BCDs and ¢omparison
the early-type galaxies of the Virgo cluster are plotted, tRed squares correspond
to values of the LSB-components, where black crosses shdvdosponents with
inner profile flattening. The notation “LSB(corr)” indicatéhat the parameters of the
LSB-components are corrected for the outer tail (see Se2t3. The black vectors
display the change of the parameters when an inner profiteflas applied. Right:
same CMD, but additionally plotted are the dlIs (cyan triasyl

applying a profile flattening to the LSB-components regaydive criterion described
in Section2.3, one can see that the resulting values are well within theaa of
the ETGs. Nevertheless, the LSB-components of the BCDstdlr@esy compact
compared to all dEs, but still they cover the same regionaaibst compact dEs. This
supports also the early findings Bfinkwater and Hardy1991) on a small sample of
Virgo BCDs (also see Sectidh5.5. Table2.6 summarises the average values of the
different subtypes of dwarf galaxies. Since nE-BCDs have gitigis to the dE(bc)s

it could have been expected that their sizes are compartdbigever, we find that the
nE-BCDs are significantly more compact. In summary, eveh tie subdivision of
the BCDs, the LSB-components tend to be more compact thastBbeRegarding the
average ofu); , there are no significant fierences between the BCD subtypes.

The right hand side of Fig2.8and2.9shows additionally the results of the dI galaxies.
In both diagrams one finds a clear separation between thedo&tponents and dlis
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Figure 2.8: Hfective radius By vs. mean fective surface brightnegg); .. Symbols
are the same as in Fig.7.

with a transition region, where both types can be found. TWabB (VCC-0274 and
VCC-1572) are in the main region of the dIs. A detailed insjpecof the gri-image
and spectrum of VCC-1572 shows dfdse galaxy and a spectrum without strong
emission lines but a rising blue continuum. Therefore, VIZZ2 could be interpreted
as a galaxy in a post-starburst phase, or simply as a migeddsdl. In contrast to
VCC-1572, the galaxy VCC-0274 shows in the gri-image a tjeseparated starburst
region and the spectrum also shows strong emission linesuffonarise, at a given
Rer the LSB-components of BCDs tend to be brighter and have &highy; . As in
Fig. 2.8 the LSB-components in Fig.9tend to be more compact at a given magnitude
than the ETGs. Comparing the LSB-components and the dE@m&snay conclude
that dE(bc)s are the linear extension of the LSB-componientard larger B and
brighter magnitude. To illustrate this we overlay lineas tib the LSB-components
(red-line) and dE(bc)s (green lines) in F&y9.

Figure 3.19 shows mean surface brightne§s;, as a function of the absolute
magnitude M for the LSB-components of the Virgo cluster on the left haiug @nd
additionally plotted are the dIs on the right panel. The B@Dd the dlIs are separated
from each other in this diagram, but they share the samedocas the dEs. There are
seven LSB-components, which are outside thred2viation of the dEs.
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Figure 2.9: Hective radius B; vs. absolute magnitude Nh r-band. Symbols are the
same as in FigR.7. Red dashed line shows a fit to the LSB-components and tha gree
lines fits to the dE(bc)s (line 1: fit without the two faint gekes with M, > —15 mag;

line 2: fit with the two faint galaxies).

2.4.5 Properties of the starburst regions

Figure 2.11 shows the concentration index (CI) of our BCD sample. Theceon
tration index, according to the definition Bapaderos et 119961 (hereafter P96b),
describes the relative isophotal area of the SF-compowempared to that of the LSB-
component, both defined a{B) = 25 magarcseé. This definition difers from the
commonly used logarithmic ratio of the radii encirclingg.e€20% and 80% of the total
luminosity, which primarily measures the (passband depet)duminosity fraction
from the SB. Especially for studies of higher-z starburdagas, the CI can be a
useful supplement to the CAS quantitative morphology se&hemit has the advantage
of being less sensitive to k corrections and cosmologicahting. Cl is defined as
P2’
&)
whereP,5 and E,s denote the isophotal radius of the SB- and LSB-component at a
extinction-corrected surface brightness levelugf = 25 magarcseé. P96b have
used the CI to quantify the morphological variation from td&wvards iE-BCDs, which

CI:l—( (2.11)
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Figure 2.10: Absolute magnitude,Ms. mean fective surface brightnesg);, in
r-band. Symbols are the same as in R&g.

show a high and low ClI, respectively. They also pointed oat thteracting BCDs
systematically deviate from the CI vs. gMequence delineated by relatively isolated
ones.

The horizontal lines in the figure represent th&eatent regimes of Cl. Cl> 0.8
corresponds to a centrally concentrated starburst, agioabe for nE-BCDs, whereas
IE-BCDs are typically characterised by a Gl 0.7. In BCDs exhibiting a nearly
galaxy-wide SF activity (i0 type), hence the LSB-componisnalmost invisible at
the surface brightness ctfof ug = 25 magarcseé, the CI drops to< 0.5. Over
their whole magnitude range, BCDs in the Virgo cluster temdadve a ClI larger than
Cl > 0.65, with an average value @CIl) = 0.9 (o = 0.06) without accounting for
the inner flattening andCI) = 0.8 (c = 0.12) when amodexpfit is applied to their
LSB-component. In contrast to the sample of field BCDs sulitiggPapaderos et al.
(19963 we do not find any trend of CI with absolute r-band magnitwdigct which
may provide a hint to the influence of the cluster environno@arthe spatial distribution
of SF activities in dwarf galaxies. Looking at Fig.11 one also realises that BCDs
with central flattening tend to have a €1 0.8. This finding is to be expected, given
that an extended central core in the LSB-component wouldyimparger luminosity
fraction and spatial extent for the SF-component. Sincestaeformation in dE(bc)s
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is located within the central region of the galaxy, the Cllod dE(bc)s must have a
value of Cl> 0.8, thereby similar to the majority of the Virgo BCDs.
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Figure 2.11: Absolute magnitude,Ms. concentration index Cl in r-band. Symbols
are the same as in Fig.7.

2.4.6 Apparent axis ratio of the LSB-component

Figure 2.12 shows the number distribution of the axis ratio of the LSBaponents
in the r-band and additionally the distribution of Virgo didEs and dE(bc)s. The
LSB-components have an average axis ratiglgg), 55 = 0.64 = 0.2. We found
that the average axis ratio of our BCD sample is slightly $enéthan that for dEs from
Janz and Liskef2009 (hereafter JLO9) with an average valu€lofa),e = 0.70+0.18,
implying that BCDs are slightly flatter than dEs. This is imegment with the results
for BCDs bySung et al(1998, who found{b/a)gcp sung = 0.67, which is even closer
to the dE value. Interestingly, there is néfdrence between the axis ratio of the LSB-
components and dE(bc)glf/@)qe ) = 0.63+0.2). In Fig.2.13the axis ratio is plotted
versus the r-band magnitude of the LSB-components and ceah@gainst the dE
sample of JL09. One can see that BCDs cover the same areheikiEs.
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Figure 2.12: Number distribution of Virgo cluster dwarfgsiles. The dEs also include
the dE(bc)s, which are additionally plotted in the lower @affhe upper panels show
the number distributions of the axial ratios of the LSB-cam@nts and dIs.

2.4.7 Colour gradients within BCDs

A large gradient in the colour profile indicates a change & gtellar population of
the galaxy. Studies bZlemens et al(2011 and Peletier et al(2012 on early-type
dwarf galaxies in the infrared showed that they do not hawvestamt colour profiles.
Therefore, in respect to the possible evolutionary conoedtetween BCDs and dEs,
a constant colour profile is not peremptory (especially seaaf the dE(bc)). However,
these studies observed in the IR, which makes a comparisoptical data dficult.

In another study b¥oleva et al.(2011) about gradients in early-type dwarf galaxies
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Figure 2.13: Axial ratio fa vs. absolute magnitude,Nh r of the LSB-components
and ETGs. Symbols are the same as in Ei@.

using long-slit spectroscopy, they pointed out that dE$wjitadients are may be
the progenitors of BCDs with low angular momentum. Tabl@ shows the colour
gradients of the LSB-components. The gradients were meddwy the diference
of the colours at a radius of4 1/8 Ry and at r= 2 Ry. The colour of the LSB-
component at the inner radius okrl/8 Rer - which is probably within the seeing of
most of the cases - depends strongly on the fitting of the L&Bponent. Therefore,
the following analysis serves as a first-order approxinmatio

The average dlierence of the (g-i)-colours at<r 1/8 Ryt (following Peletier et al.
2012 and at r= 2 Ry of all LSB-components amounts f@A(g—i)) = 0.26 mag.
To compare the colour gradients of the LSB-components tooties of the dEs
and dE(bc)s, additionally the colour atrl R was measured for all three classes.
The dEs have an almost constant (g-i)-colour prafiiég — i) )4 = 0.01 mag, while
the dE(bc)s (due to the blue colour excess in the centre) shalightly gradient
(A(9 —1))ge = 0.03 mag. The LSB-components have an average gradientfarRes

to r =2 Ry of (A(g—1)),sg = 0.14 mag, therefore, the (g-i)-colour profile clearly
differs from the early-type galaxies. However, for simplificatithe flattening of
the SBPs of the BCDs was not taken into account, what wou@ghtyi decrease
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(A(g—1)) sg- To obtain an almost flat (g-i)-colour profile for the LSB-cpoments
of the BCDs, the composition of the stellar population hashtange. The change in
the colour profile would also influence th&extive radius of the LSB-components in
the way that it became larger, bringing them even more irgoelgime of the dEs.

But how is the &ective radius influenced in detail when the colour gradiemthe
BCDs almost vanish? To investigate the influence gn e BCD VCC-0274 was
used as an example. Since the r-band was used as the refbegmita our study, the
(g-r)-colours were used instead of (g-i). Thé&eience of the innermost (g-r)-colour to
the colour of the LSB-component atr2 Ry amounts forA(g — i) sg = 0.178 mag.
Assuming that the LSB-component has constant (g-r)-celatne innermost colour
has to be increased by 0.26 mag agdhas to be increased, too. With this information
we were able to construct the new SBP and integrate it to olbkes new &ective
radius. In case of VCC-0274, théfective radius change fromgRr = 0.599 kpc to
Ret = 0.602 kpc. Thus, the influence on thfestive radius due to a change of the
colour gradient is minor (see Tab.7).

The (g-i)-colour profiles of the LSB-components are showrFig. 2.14 and the
averages of the ffierent morphological types are summarised in Pah.

(9-7) [mag]

(9-1) s [Mag]

0 0.5 1 15 2 25 3

Figure 2.14: Radial colour profiles of the BCDs without depasition (upper panel)
and of the LSB-components (lower panel). The colour profilesnormalised to the
effective radii of the LSB-components.

Figure 2.15 shows the colour gradients of the Virgo galaxies as a funatibtheir
magnitude. The scatter for the dEs became larger with isgrganagnitude, but on
average it is almost zero. This scatter is reasonable, siitbancreasing magnitude
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Table 2.7: Average (g-i)-colour gradients of th&eient morphological types.
Type (A(g-1i)) Radiusrange

BCD 0.26 VRet = 1/8 10 I/Rep = 2
LSB 0.14 VRer = 110 I/Reg = 2
dE 0.01 FRet = 1tOI/Reg = 2

dE(bC) 0.03 JRegr = 11O /R = 2

also the @\ decreases. The same behaviour like for the dEs can be eosknvthe
LSB-components with much larger scatter. In case of the t8Bponents, this scatter
cannot be explained by th¢Ng since the scatter is present at all magnitudes. Without
accounting for the fainter dE(bc)s with,M —15 mag, the dE(bc)s show an increase
of the colour gradient for fainter magnitudes.
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Figure 2.15: (g-i)-colour gradient as a function of the dbor-band magnitude for
the LSB-components (red dots), dEs (black dots) and dE(go@en asterisks).

2.4.8 Where are galaxies with uncertain morphological clasfication?

In the classification scheme of the VCC one also finds 19 gadaxith an uncertain
morphological classification like "Ini BCD*. In Tab. 2.9 these uncertain types are
summarised. Using the above described parameter-space(@- i) ss — Rer — (1))
of the BCDs, we are able to conclude whether these galaxigs gshare the same
parameter-space like the BCDs or not. If a galaxy occupiesstime region in the
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parameter-space, then one can conclude that this galaxgbsiply a BCD. In a first
step, we compared the derived parameters of irregular éiixges with that of BCDs.
By inspecting the properties of these types in the pararspi@ce, we found that VCC-
1374 clearly falls within the same parameter-space likeother BCDs.

For the galaxies VCC-0309 and VCC-2037, we found that most@parameters are
in the same region where irregular galaxies are locatedtheorest of the galaxies a
clear distinction between BCDs and dls is not possible, iiseéhey are located in the
overlap zone between these two dwarf galaxy classes.

There are three galaxies initially classified as “mBCD” and “SBm/ BCD”,
respectively. VCC-1356 is located in the same parametesps the BCDs. VCC-
1725 and VCC-1791 do not show a clear membership or sepafadion the BCDs.
The galaxy VCC-0281 was taken from JLO9 and was classifiedl83BCD?” with
strong morphological uncertainties. It was also descrledisker et al.(20063 as a
dE(bc). In the (g- i) — M;-plane, VCC-0281 occupies the same region like the BCDs,
however, this is not the case with regard to the other twogddRs — M — (1))
Regarding their classification, VCC-0213 (“¢dB€D?”) and VCC-1955 (“SpgBCD”)
show features of spiral structure. Indeed, looking at thadded SDSS gri-images
one can find these spiral structures. The spiral structurdeiarly visible when
applying unsharp masks (skeisker et al.(2006h andLisker et al.(20064 for detailed
description). In the classification schemeSyng et al(2002), they reported of “spiral
structures with compactfibcentred core” for the “Postmerger BCDS”. But, to the
knowledge of the authors, there is no detailed study aboldB@ith spiral structure
visible at optical wavelengths. Only HI observations of BSJiyvan Zee et al(2001)
reveal rotation in BCDs, but the optical morphology of thedisample has smooth,
symmetrical isophotes. In the CMD of Fig.7, galaxy VCC-0213 and VCC-1955 are
located at the brighter and redder end of the BCD regime. dnZ8 VCC-0213 has
almost the same parameters like the BCDs. Tifiec&ve radius of VCC-1955 is too
large compared to the other BCDs. In FA9, VCC-0213 is again in the regime of the
BCDs, albeit it is at the boundary of the parameter-spaceilptgd by BCDs. VCC-
1955 shows too large values for both parameters. Using edletlinformations, it is
possible that VCC-0213 is a BCD with obvious optical spitalisture. Nevertheless,
the red core of VCC-0213 contradicts the classification o€®BThe spiral structure,
together with the red core (may be a bulge?), might hint to iealspgalaxy with

a larger distance than the one of the GOLDMine data base=df7/lD Mpc. To
investigate this issue it is worth to analyse the spectruth®fgalaxy. The spectrum
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of VCC-0213 gives a redshift of=20.0006 (blue shifted), with a corresponding
heliocentric recessional velocity regarding GOLDMine qfiy= —165 knys, which
indeed locates VCC-0213 at a distance of 17 Mpc (seeZig). The upper left panel
of Fig. 2.16shows the co-added SDSS gri-image of galaxy VCC-0213 anct#ieual
image in the upper right panel. The lower panel of Rd.6 shows the residual flux-
conserving unsharp mask image of VCC-0213Refpaderos an@stlin, 2012, which
shows the colours of the spiral structure. Interestinglg, ¢olour distribution of the
spiral structures is not homogeneous, but shows a gradantléft to right.

VCC 0213

Figure 2.16: Top: co-added SDSS gri-image (left) and zooresiiual image using
a two pixel kernel (right) of the galaxy VCC-0213. Bottom: ¥faonserved and
combined unsharp mask image of VCC-0213.

At first glance the galaxy VCC-0655 (SpBED) seems to be too bright compared to
the BCDs. Additionally, its By is too large. The gri-image displays several SF regions
in the central part of the galaxy, which are surrounded byddeestellar host. This is
typical for BCDs and furthermore VCC-0655 has some sintiksito the BCD Mrk-
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86. The sample of BCDs iRapaderos et 2008 also shows a large spread in radius
from very compact objects up to object with4R 1 kpc (see also SectioR.5.9).
Thus, it cannot be ruled out that VCC-0655 is a BCD.

The galaxy VCC-0135 (Sp#8CD) covers almost the same region in thgR1-
(w)er as the other BCDs. However, its (g-i)-colours are too rece gifrimage shows a
galaxy with red core, comparable to VCC-0123, but there iglhoous spiral structure
visible. The spectrum shows strong emission lines and th@edetailed inspection
of the “core-region” reveals a blue structure, which is tedain the region of the
SDSS spectroscopic fibre. With this information about VCI2J), we go along with
the former classification, but indicate the new classiftzatvith a strong uncertainty
regarding the BCD class (“Sp&CD?").

The analysis of the two unknown galaxies (“?” in Tal®) shows that the properties of
VCC-0429 and VCC-1713 have more similarities to the dissTéialso supported by
the optical images of VCC-0429 and VCC-1713. Thereforese¢hiero galaxies should
be classified as a transition type (BCID.
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Table 2.8: Colour gradients of the BCDs.

VCC

Al@-1) A(@-1) A(li-2) A(U-9) Rear[kpc]

Reff,r,nograd [kpC]

0001
0010
0022
0024
0074
0130
0144
0172
0207
0223
0274
0324
0334
0340
0410
0428
0459
0513
0562
0641
0802
0841
0890
1141
1313
1411
1437
1459
1572
1744
2015
2033

0.052
-0.100
0.300
0.147
0.101
0.093
0.564
0.030
0.903
0.178
0.249
0.112
0.233
0.331
0.306
0.609
0.439
0.012
0.749
0.005
0.364
0.096
0.067
0.246
0.384
0.484
0.170
0.169
-0.284
0.496
0.317
0.453

-0.018
-0.117
0.132
0.025
0.141
0.042
0.322
-0.003
0.305
0.162
0.178
0.036
0.009
0.061
0.292
-0.517
0.215
-0.084
0.371
0.151
0.188
-0.031
-0.019
0.054
1.164
0.135
0.051
0.054
-0.252
0.231
0.243
0.077

-0.240
-0.145
-0.103
0.035
0.499
-0.133
0.106
-0.293
0.658
0.184
0.546
0.271
0.247
0.271
1.424
-0.766
-0.298
-0.119
1.224
0.162
-0.369
0.043
-0.167
0.143
1.842
0.368
-0.185
-0.533
1.056
-0.199
0.133
-0.401

-0.172
-0.338
-0.584
-0.589
-0.304
0.309
0.466
-0.096
-1.177
-0.610
-1.261
-0.006
-0.537
-0.584
-1.195
0.956
-0.779
0.463
-1.081
-0.489
-0.467
-0.021
0.779
-0.275
-2.629
-1.530
-0.103
0.301
-1.482
-0.056
0.263
-0.243

0.395
0.422
0.423
0.419
0.566
0.355
0.339
1.068
0.263
0.408
0.599
1.171
0.542
0.675
0.306
0.438
0.669
0.563
0.532
0.462
0.683
1.135
0.388
0.462
0.264
1.092
0.504
0.723
1.061
0.597
0.660
0.842

0.401
0.451
0.464
0.452
0.597
0.351
0.396
1.146
0.293
0.472
0.602
1.227
0.566
0.760
0.344
0.418
0.717
0.553
0.565
0.474
0.762
1.235
0.381
0.463
0.308
1.053
0.560
0.628
1.008
0.579
0.706
0.856
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Table 2.9: Uncertain morphological classifications.

vCC Type Mor  Rerslkpel (e, (@-1)
0135 Spe¢BCD  -17.34 0.67 20.36 0.98
0213 dsS7BCD?  -17.50 0.61 20.01 0.80
0281* dSOorBCD  -16.37 1.13 2250 0.77
0309 Im/ BCD -15.33 1.07 23.41 0.50
0429 ? -15.10 0.73 22.81 0.65
0446 Im/ BCD: -15.94 0.87 22.34 0.75
0655 Spec,N/BCD -18.73 1.49 20.73 0.86
0737** Sd/ BCD? - - - -
0848** Imlllpec/BCD - - - -
1179 Imlll/BCD  -16.34 0.97 22.18 0.64
1356 Smlll/BCD -16.34 0.54 20.89 0.48
1374 Imlll/BCD  -16.99 0.79 21.09 0.40
1427 Im/ BCD: -16.45 0.93 21.98 0.68
1713 ? -15.66 0.75 22.30 0.56
1725 Smlll/BCD  -17.33 1.56 22.22 0.54
1791 SBmlll/BCD -17.20 1.43 22.15 0.34
1804 Imlll/BCD  -16.04 0.92 22.37 0.82
1955 Spe¢BCD  -18.35 2.33 22.07 0.85
1960 Imlll/BCD? -13.70 0.37 2273 0.74
2007 Imlll/BCD:  -15.89 0.68 21.85 0.69
2037 Imlll/BCD  -16.26 1.66 23.42 0.79

Notes.* from JL09; ** not covered by SDSS
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2.5 Discussion

2.5.1 Diference between certain and possible cluster member BCDs

From Tab.2.10it is apparent that various photometric parameters of iceiago
BCDs and cluster-member candidates are identical withito-. Therefore, in the
following discussion no dierentiation based on Virgo membership was applied, even
though photometric quantities in Tahl10are listed separately.

To avoid contamination due to extreme outliers, the avevafees were determined
within the colour interval (g- i) > 0 mag (see SectioA 7 for explanation).

Table 2.10: Comparison of the BCDs regarding their memlyetshvirgo.

Parameter Certain o Possible o

(M;) [mag] -15.488 0.835 -15.489 0.783
(g—1i)[mag] 0.589 0.254 0.696 0.172
(Restr) [KpC] 0.569 0.251 0.650 0.275

(e, [mag/arcseé] 21.697 0.843 21.963 0.950

2.5.2 Distance dependence of the results

The GOLDMine data base provides the distances of the BCDigjvdan be found in
column [13] in Tab.6.2 Table2.5.2shows the dterent distances and the resulting
errors if one assumes a distance 0tdl6.52 Mpc (m-M=31.09) instead of the
GOLDMine value. a(Rer) corresponds to the factor, about whicl; Rkpc] changes
due to diferent distances. Additionally, the spacial location witthe Virgo cluster
of the corresponding distances are giv&ayazzi et al. 1999 hereafter G99). The
distances of dierent substructures of Virgo in TaB.5.2were derived by using the
Tully-Fisher relation Tully and Fisher1977) for a sample of spiral galaxies and the
Fundamental Plan®forgovski and Davis1987 Dressler et a.1987) for the ESO in
the study of G99. G99 found three separate regions in thgs.H and 5 (velocity
(vie)’ versus the distance of the galaxies), which in turn definedts&nces of the
substructures. However, since the allocation of the BCRBedalitferent substructures
of the Virgo cluster only depends on the projected locatibrthe galaxies, the
GOLDMine distances can not be taken for granted. For instatie column depth

v ¢ defines the velocities of the galaxies with respect to thallgooup (LG) and was calculated
via Vig = Vhelio + 220 knys.
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of the different substructures in Virgo is not taken into account.

Additionally, it needs to be pointed out that the finite extehthe cluster causes a
natural scatter in the distance. As an example, galaxy VBQlhas the smallest
cluster centric distance to M87, but it also has the blues)-¢@lours within the
sample. Therefore, VCC-1313 could fall into the Virgo carstrom a larger de-
projected cluster centric radius in the fore- or backgroofthe cluster. Suchfects
are not accounted for by the GOLDMine data base.

Table 2.11: GOLDMine distances of theffdrent Virgo clouds. Am and a(Res)
indicate the variation of the corresponding parametersafGOLDMine distance is
used instead of a constant distance of 16.52 Mpc.

Distance Location in Virgo cluster ~ Am [mag] a(Reg)
[Mpc] to d=16.52 Mpc to &16.52 Mpc
17 E-, N-, S-cloud, A-cluster 0.06 1.04
23 B-cluster 0.72 1.40
32 M-, W-cloud 1.44 1.95

Figure2.17shows the distance in Mpc of the Virgo BCDs against the velagven by
GOLDMine (see also Fig. 5in G99). Regarding G99 galaxieb wit > 1900 knmy's
belong to the M or W cloud with a distance of 32 Mpc. As one cas) $eur BCDs
(VCC-0022, VCC-0024, VCC-0274 and VCC-0340) have a GOLD&/ilistance of
32 Mpc, but do not have velocities ofy > 1900 knys. Therefore, we do not assume a
distance of 32 Mpc, but instead a distance of 16.52 Mpc. Thakies are displayed
by green squares in Fi@.18 For all other BCDs the GOLDMine distances are
adopted.

Figure 2.18 shows the (M- Rer — (uer))-plots of the analysed galaxies with the
GOLDMine distances. Interestingly, there are only thredBicemponents of the
BCDs that do not fall into the ETG'ss2-plane and these BCDs are classified as “il” and
“nl”. One of these three BCDs also needs a profile flatteninthefLSB-component,
bringing it even more into thed2plane.

In the M, — Reg-diagram, there are two other BCDs outside tlwedviation of the
dEs, where the velocity criterion is not fulfiled. The compan of the late-type
dwarfs (BCD(-LSB) and dI) and the early-type dwarfs revea®ther interesting
result. The LSB-components of the BCDs and the dl galaxies fa continuous
sequence, which has the same location as the early-typef dataxies. This is
consistent with the hypothesis that, once star formatidfirgpo BCDs has ceased, their

54



M-, W-cloud: 32 Mpc o] eee oo

B-cluster: 23 Mpc

A-cluster: 17 Mpc sw e o es e e woiee e o
-500 0 500 1000 1500 2000 2500
V| g [km/s]

Figure 2.17: GOLDMine distance vs. the velocity of the ViBE&Ds. The vertical
solid line at yg = 1900 kny's corresponds to the limit from which galaxies belong to
the M and W cloud regardinGavazzi et al(1999. The four BCDs in the box are
below or slightly above this velocity limit, but have a GOLDM distance of 32 Mpc.

descendants could evolve into dEs. Additionally, Virgo cisild form the progenitor
population of dEs with the largesttective radii. Clearly, one has to keep in mind
that Ry is not a particularly sensitive discriminator between SBPsubstantially
different shapes, consequently the alignment of all dwarf galgoes along a common
sequence on the M- Re; diagram is unsurprising. Moreover, it should be pointed out
that these findings are critically dependent on the distafiche galaxies. As seen
in Figs.2.8and2.9, there are more BCDs outside the Beviation when a constant
distance of 16.52 Mpc is adopted.

2.5.3 Comparison between BCDs and the inner components of 6E

A recent study bylanz et al(2012 investigated the dlierent components of70 dEs

in the Virgo cluster in H-band in the range 19 < M, < —-16 mag. As mentioned
before, dEs do not form a homogeneous class of objects, but disc features and
inner components, which were modelled with GALFIT 3Refg et al.2010 in the
study ofJanz et al(2012. Apart from the H-band, also r-band profiles of the dEs
were analysed, thus, we are able to compare the inner comizoofethe dEs with our
sample. Figure.19shows the results of our study of the LSB-components and the
results for the dferent components of the dEs.

Interestingly, the inner components of dEs and the LSB-aoepts cover a very sim-
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Figure 2.18: Same as Fig2.8 2.9 and3.19 but instead of a constant distance of
16.52 Mpc, the distances given by the GOLDMine data base sed for the LSB-
components. Green squares correspond to BCDs with a GOL®Histance of 32
Mpc, but with velocity vg < 1900 knys. Therefore, a distance of 16.52 Mpc was
applied.
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Figure 2.19: Same as Fig.9, but additionally the inner components of dEs are shown.
Lower panels show the inverted SDSS images of three exanide which inner
components cover the region aB0 Ry < 0.7 kpc and-14.4 > M, > —16.4 mag.
This parameter region corresponds to the bulk of the LSBpmmants.

ilar region in the Ry — M,-parameter-space. The physical reason for this coincedenc
is not clear at the moment and it is also not clear if there ayecannections between
the inner components of dEs and LSB-components of BCDs. bodd also keep in
mind that the inner components of dEs are accompanied by (@ise) components.
While the outer tails of some BCDs qualify as an equivalet¢ocomponent, for most
of them these are not as prominent (or even not detected) the imulticomponent
dEs. This reflects again the fact that the LSB-components) axth the outer tails,
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only overlap with the more compaehalf of the dEs. Therefore, if the similarity to the
inner components of dEs had an evolutionary meaning, LSBpoments would have
to form a surrounding disc to look like present day dEs.

2.5.4 Comparison with other BCDs

Table 2.12 shows the results of a sample of BCDs frdPapaderos et al2008

(hereafter PO8) from the SDSS. Values of the LSB-componénhis study were
transformed into anfeective radius using the formula @raham and Drivef2005.

All given values of PO8 were measured in the SDSS g-bandefibvey, Ry for the
r-filter was calculated with the following approximation:

1
—— - Regrg-
095 ¢
As one can see, thetective radii of the PO8 sample are also very compact with an
average o(Reﬁgg> = 0.62 kpc, but with a large scatter.

Reff,r =

Table 2.12: Galaxies from the studyB&paderos et a/2008.
Galaxy Motg Miotg Hog  Heg <:u>eg Rerrg D Rerg  Remr
[arcsec] [Mpc] [kpc] [kpc]
JO01331342 179 -15.0 22.1 34.7 23.22 4.63 37.8 0.85 0.89
J10440353 17.2 -16.3 19.9 35.3 21.02 2.32 51.2 058 0.61
J120%0211 174 -13.3 222 325 23.32 6.10 140 0.41 044
J1414-0208 18.1 -13.7 21.6 33.6 2272 3.35 23.0 0.37 0.39
J2230-0006 17.0 -15.0 19.8 33.8 20.92 243 249 0.29 0.31
J2302-0049 186 -17.0 20.8 37.4 21.92 1.84 1346 120 1.26

However, there are also other examples of BCDs, having a ertgnded LSB-
component. One example of these BCDs is Markarian 86 (Mjk-8the SBP of
Mrk-86 is shown in Fig.2.20 The derived fective radius at an assumed distance
of 7.0 Mpc amounts for Rr = 0.94 kpc (regarding Graham’s formula and with
values fromPapaderos et al19960 in the Johnson-filter system orgR = 1.2 kpc
(from profile integration) in r of SDSS. Compared to the VilBE&Ds, even these
extended BCDs are in the same radius range. Interestingti;8@ has a very
red LSB-colour of (g-i30.92 mag. Together with &g, Mg = —17.06 mag and
(Wer ss = 2098 magarcseé, it occupies the same region as the dE(bc) population
of Virgo.
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Figure 2.20: The SBP of the BCD Mrk-86, which is not locatethia Virgo cluster.

Since the BCDs of our study are located in the region of thegd/icluster, one
may ask whether they are some special kind of BCD and dewuiate dther (field)
BCDs. To investigate this question a large sample of emrmsksne galaxies in arbitrary
environments (unpublished study by H. T. Meyer, R. KotulaPapaderos, Y. I1zotov,
N.G. Guseva and K.J. Fricke) was used. The galaxies wer¢repegpically selected,
therefore, also non-dwarfish galaxies are included in titeirsample. To include
only star forming dwarf galaxies, a g-band magnitude ffutd M.t = —18.0 mag
was applied and the resulting sample is called seeond sample To all star
forming galaxies of this sample the same photometric arsglgerivation of SBPs
and decomposition) was applied, thus the derived parametfdyoth samples can be
compared. The CMD of the LSB-components of the Virgo BCDs drel SFDGs
of the second sample is shown in Fg21 The LSB-components of the Virgo
BCDs tend to be more reddish compared the other LSB-comp®mdrithe second
sample. This could be a hint to the influence of the denseterl@nvironment on
the Virgo BCDs, making them redder due to e.g. the removalast gn the other
two diagrams of Fig2.21 no obvious difterences between these two samples can be
found. Nevertheless, the SFDGs of the second sample tenavi larger &ective
radii than the BCDs of Virgo, which is may caused by selecgfiacts. It also has
to be pointed out that the sample of Virgo BCDs is small, mglircomparison quite
difficult. Therefore, an increase of the sample sizeloster BCDs (e.g. Perseus-,
Coma-, Fornax cluster) would be desirable for future ingasions.
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Figure 2.21: Parameter-space of the LSB-components of mgo BCDs and a com-
parison sample of SFDGs in arbitrary environments. Thekddacares corresponds to
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previous figures of this chapter.
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2.5.5 Evolutionary connection between dferent dwarf galaxies in galaxy clus-
ters

Various observational and theoretical lines of evidenaggsst that the evolutionary
pathways of late-type dwarfs in a cluster environment hawgnificantly difer from
those in the field. Even in the cluster periphery, late-typearfis have undergone
interaction with the hot ICM and other nearby galaxies siaé¢ew hundreds of Myr,
a time span on the order of their dynamical timescale. Starbdransforming late-
type dwarfs plunging into the ICM into BCDs, may have dfatient origin than
starbursts in the general population of field BCDs. Consetlyyjeone should be
cautious when comparing structural and integral photamptoperties (e.g. colour,
burst parameter.fiective radius, concentration index) of cluster-BCDs witbrature
data for normal BCDs. Various mechanisms for starburstimmishortly in initial
stages of the interaction of a dwarf with the ICM can be emeash for example
triggered gas collapse by the external ICM pressure (assgapio gas collapse driven
by self-gravity), or strong dissipation and gas coolingarge-scale shocks, followed
by collective star formation. For such reasons, it is nondee sure that the compact
structure of the LSB-component — a typical, if not the mostidctive characteristic of
field BCDs — has to be common in systems classified as BCDs axygalusters. For
example, external agents (see above) could ignite a BCRalygtarburst in a genuine
(that is, relatively dfuse) dl. Alternatively, an externally triggered destaation and
inflow of gas could eventually lead to an adiabatic contoarctf the LSB-component
(Papaderos et al19963, and the opposite may happens after complete removal of
the dwarf gas halo, as it sinks deeper within the hostile IGMirenment. As our
understanding of the early interaction of late-type dwarfithe cluster environment is
still poor, it would be speculative to generalise conclasidrawn from our Virgo BCD
sample to the BCD population as a whole. Still, the discusbielow is instructive
in its own right, because it concentrates on a complete anldsefected sample of
cluster-BCDs and probable candidates, thereby minimsamgamination of the trends
found for field BCDs.

The evolutionary scenario dDavies and Phillippg1988 describes how a dwarf
irregular galaxy can ignite a starburst and become a BCD auefalling gas from a
surrounding reservoir.

After several starburst (BCD) phases and non-starburdiAghases, the galaxy
evolves to a passive dE galaxy. If the latter evolutionaryuseice was possible at
present epochs, and specifically in the outskirts of thed/olyister, BCDs and dEs
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should have a similar structure.

Observational studies of BCDs IBrinkwater and Hardy1991)2 andPapaderos et al.
(19964 showed that BCDs are very compact objects compared to tise dtbey
concluded that only the most compacted dEs may be relatdtetB€Ds. An even
more extreme conclusion is reached Dginkwater et al.(1996, who state that “no
blue star-forming progenitors of dE galaxies” exist in thegd cluster down to an
absoluteB-magnitude of M ~ —14 mag. At first view, these findings seem to be
supported by our photometric measurements for the galadqése light: Fig.2.6(top
left panel) shows that the majority of BCDs are more comzenh ieven the 2-range
of dEs at a given magnitude.

However, if the gas reservoir that is immediately availabla BCD’s starburst region
is limited, thus restricting the starburst phase to duratiof some 1®yrs or less
(Thuan 1992, Thornley et al. 2000, a population of non-starbursting counterparts
must existwithin the same spatial volum@Assuming a velocity of 1000 kfs, a BCD
could only move some 100 kpc during the starburst phasegdree tenths of the Virgo
cluster’s virial radius — which means that the outskirtdhaf Virgo cluster should hold
many non-starbursting counterparts to BCDs. How do thedellke?

To investigate this, we determined the structural propsrtaf the underlying LSB-
component of the Virgo BCDs, i.e. without the contributidntlee starburst region.
The results already show much more overlap with the dEs inpirameter-space
of structure and also colour (see Figs7, 2.8 and2.9). When we also take into
account the dferent distances of the various parts of the Virgo region, LiE8-
components turn out to fit remarkably well to the dE populatath small étective
radii (Fig. 2.18. The left side of Fig2.22shows a collection of such dEs that fall
within the locus of the LSB-components: these may look like future “red and
dead” descendants of BCDs. Average dEs are shown on thesraghtor comparison.

As for the few objects that remain more compact than the d&se of them actually
has a clearlyed LSB-component (Fig2.23. Judging from their measured values
and their images, only VCC-1313 (probably also VCC-041@®ns= to follow the
literal meaning of the term “blue compact dwarf”, while madtthe other BCDs
rather have the appearance of a dE or dl with additional starbThe non-detection
of a red LSB-component down to low surface brightness lef@isome “extreme”
BCDs was already reported dyrinkwater and Hardy(1991): two BCDs in their

8]t should be pointed out that the findings Dfinkwater and Hardy1991) particular based on a
sample of the most compact BCDs in Virgo.
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Figure 2.22: Possible descendants of BCDs in the Virgo etustThe figure in
the middle shows the & — M, diagram of the analysed galaxies with the GOLD-
Mine distances, and the blueish box displays the locus ofLiBB-components.
The three example BCDs on the left (from top to bottom: VCQ@ZO0VCC-
1141 and VCC-1623) are selected in the parameter-intefv@lSo< Rer < 0.9 Kpc,
—-17.0 < M, < =145 mag and 2D < (u), < 230 magarcseé. The three dEs on
the right hand side are randomly selected in the same pagaimétrval (from top
to bottom: VCC-0178, VCC-1308 and VCC-1980). All imagesénéive same scale
(x-edge length is 100 arcsec and 7.95 kpc for a distance 621@pc).

study had no surrounding low-surface-brightness envslajstected to a limit of
u(V) = 27 magarcseé, which therefore would be classified as i0-BCDs. For all of
these, the Next Generation Virgo Cluster Survey (NGWF&rarese et 412012 will
provide unprecedented insight into their outer structma@der stellar population, if
existent.

Are dEs the only morphological type that qualifies as nonbstiagsting counterparts of
BCDs? Figure2.24shows the number distribution of galaxies in the outer negib
the Virgo cluster that fall in the same parameter-space gfmtade and mean surface
brightness as the LSB-components of the B&Risplayed separately for blue and

SResults of uncertain morphological types are taken frontiG@e2.4.8
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Figure 2.23: BCDs that are more compact than the dEs and tsieethe 2- deviation
in Fig. 2.18 The upper panels show the co-added gri-SDSS images andwiee |
panels show the contour maps of the BCDs. From left to rig@Cv0130, VCC-0410
and VCC-1313.

red @ —i > 0.7) galaxies. Only for blue galaxies (left panel), late-tygmerals and
especially irregular galaxies form a population of sigmifitsize compared to the dEs.
However, the majority of the LSB-components of BCDs is alsean the red colour
regime (right panel), where the dEs clearly outhumber &kéogalaxy types.

Vaduvescu et al (2006 concluded that “BCDs and dIs are similar structurally”,
which is in conflict with our results (see Fig2.8 and 2.9). We measure dlIs to
be systematically more extended than the LSB-componentBGids at a given
magnitude, hence only a small fraction of the dis would duals non-starbursting
BCDs. Vaduvescu et al. fitted structural parameter relatit;mdls and claimed
consistency of the BCDs with these relations. Their Figsnd %@ show large scatter
among their BCD sample, with at least half of the BCDs lyingaely at smaller radii
than the dl relations. Among the five BCDs that lie signifit@above the dl relation,
the three largest ones have been classified as ambiguousligpgeen Sm, dl and
BCD in the VCC, and appear closer to 8linby visual inspection of SDSS colour
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Figure 2.24: Late-type and early-type galaxies in the outegion of
Virgo (Dwg7 > 0.6 Mpc). In the left panel a cufb of M, <-18 mag and
(rer, > 23 magarseé was applied to restrict the parameter region to the locus of
most of the LSB-components. The same €istwere used in the right panel but with an
additionally colour cutff of (g — i) > 0.7 mag. The histogram of the dEs also includes
the dE(bc)s. The morphological types are taken from the VCC.

images. This may provide an explanation for the discrepadirfgs.

In summaryijf the starbursts of the BCDs are relatively short, then manietEs in
the Virgo outskirts with similar magnitudes must be the sterbursting counterparts
to the BCDs. Unless we are witnessing all BCDs in their vest &arburst phase,
which seems unlikely, this unavoidably means thatumber of dEs must be able to
re-ignite a starburst Interestingly, a recent paper byallenbeck et al(2012 finds
gas in Virgo dEs and furthermore studies®wy et al.(2006 andLisker et al.(20063
find dEs with blue cores, indicating recent or ongoing stamgtion. At first glance,
one may speculate that these type are related with each é¢iberever, we find that
the dE(bc)s are on average less compact and brighter thausBreomponents of the
BCDs (see Fig2.8and2.9).

To gain a deeper insight into the connections of BCDs and dEaxge HI survey of
both populations is worthwhile and may also change our viemf‘red and dead”
dEs to more complex systems. This “increase” of complexitgaaly started with
several studies of dEs with spiral feature, discs or blues¢e.gJerjen et al.200Q
Lisker et al, 2006 Hallenbeck et a).2012, and the improvement of observational
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techniques (e.g. E-EL*f, JWST?) and new surveys (e.g. NGW3 will push this
complexity even further. Of course, this is also true for B€Ds, where new
observations will probably reveal new substructure in tBer&gions as well as in the

underlying LSB-component — e.g. i0-BCDs, where no LSB-congnt is detected
until now.

°European Extremely Large Telescope (Kigsler-Patig et a).2009
James Webb Space Telescope (Eardner et a.2006
2Next Generation Virgo Cluster Survey (eFgrrarese et gl2012
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Chapter 3 The structural properties of late-
type galaxies in the Virgo cluster

In this chapter, the structural parameters of the late-tgptaxy population of
the Virgo cluster are analysed. Furthermore, the distribatof the galaxies
within the Virgo cluster and the dependence of the morphobrording
to the distance to M87 is investigated. Finally, the entit®iometric and
structural informations of the galaxies are used to reviewd aipdate the
initial classifications. To study the possible evolutioneonnections between
late- and early-type dwarf galaxies, the properties of éhéso groups are
compared.

Together with the results of the BCDs and dis from the previchapter,
the results of this chapter form the foundation for the itigegion of the
evolution with time of the late-type galaxies.

The results of this study were partly presentedMeyer and Lisker(2011) and
throughout several conference contributions.

3.1 Introduction

Galaxies in the Virgo cluster, but also in other regions i tniverse, show a large
variety in morphology, ranging from almost featurelessageds to galaxies with
impressing spiral structures. Moreover, galaxies showvarslity in colours, from
relatively red to blue colours. The former class of galaxigth their smooth shape
and red colours are called early-type galaxies (ETGs),enthié latter are called late-
type galaxies. The terms “early” and “late” do not give angttio the evolutionary
state of the galaxies and are mostly used for historicaloreasFor instance, early-
type galaxies are dominated by an old stellar populationlevthe luminosity of the
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late-type galaxies is dominated by young and massive staysSparke and Gallagher
2000.

ETGs show a large spread in magnitude, ranging from a r-bagphitude of M = —13
mag for the most faintest ones of up to. M—-23 mag for the brightest ETGs in
the sample of this thesis. This means that the faintest EF@rsgifrom the most
luminous one by a factor of D The gigantic ETGs are also the largest galaxies in
diameter of the entire morphological sequence, while thartigh ellipticals are the
most frequently observed galaxy type.

As mentioned above, a first inspection of the optical imagdsTgass show galaxies
that are characterised by a smooth appearance and refateecolours. However,
studies of ETGs show that there are several subclasses &ntinatlty concentrated
star formation Kisker et al, 20063, disc features or spiral arm3drjen et al.200Q
Lisker et al, 2006k 2007. These initially believed to be simple systems, are thus
much more complicated.

Apart from the ETGs, there is another population of galaxws bluer colours at
a given magnitude. One of the representative of this mogzhcél class shows
prominent and striking spiral arms. These galaxies alsavshdarge range in
morphology ranging from Sa to Sm galaxies and are calledlspaiaxies.

Looking at optical images of spiral galaxies, one realibas $a galaxies have an inner
dense region, which is most prominent in the class of Sa gaaand is called the
bulge'. The stars in the bulge have random motions and the coloargearerally red.
From Sa to Sc galaxies the bulge became less prominent arsthedrfor the late-type
spirals of type Sd and Sm. To characterise the importandeedbualge, the bulge-to-
disc (B/D) ratio was introduced, which describes the ratio of thatligpntribution of
the bulge to the one of the dis&dndage1961, Graham and Worley2008. Bulge
dominated systems like Sa galaxies hav®B- 0.3, while later types like Sc have
B/D ~ 0.05 (Mo et al, 2010.

The dust in spiral galaxies is found to be located in a laydrchvis very thin and
has a spatial extend comparable to the stellar populaXdauris et al, 1999. The
extinction due to dust is also responsible to influence thaurs of galaxies. Since dust
extinction depends on the observed wavelength in way tkeanfluence in the infrared
is less than in UV, galaxies appear to be redder in the presafindust. Therefore, the
colours of a dust dominated galaxy do not represent thediightibution of the current

Also the bulges show a variety in morphology: classical ybanxd peanut bulges (e Athanassoula
2005.
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stellar population. Due to the distribution of the dust iragdr, the inclination angle
also plays an important role. Galaxies that are observeddacre less influenced by
dust extinction than edge-on galaxi€ufow 1999.

Along the sequence of late-type galaxies the gas mass draetaries strongly.
McGaugh and de Blok1997 showed that the gas mass fraction is a function of the
central surface brightnegg and the colour of the disc in a way that galaxies with a
high surface brightness and red colours have a lower gasfraatien. That means, the
gas mass fraction of Sa galaxies is lower compared to latalspil he diferent phases
of the gas are also used as a tracer e.g. for the star formrat®(SFR) and metallicity
(2) and it was found that the SFR and Z are not homogeneougioe@ntire galaxy.
For instance, observations and simulations of Virgo spir@veal negative metallicity
gradients Magrini et al, 2011 Roediger et a).20117).

The informations about the SFR of spiral galaxies are obthifrom observa-
tion in Ha, which are available for many spiral galaxies in the Virgastér.
Koopmann and Kennef2004) found a reduction of the SFR in the outer part of the
discs of Virgo spirals compared to field spirals of the samepmalogical type. Since
the SFRs in the inner parts of the cluster spirals and fieltalspare similar, they
concluded that the reduction of the SFR is due the truncatidhe disc in the dense
cluster environment when the galaxies fall into the clus@omparing the late-type
population of a cluster to the one in the field, it was showm Itieéh populations dier
from each other. For instance, the global SFReds between galaxies in a cluster
and galaxies in the field, what points to a transformationatéxges, which enters the
cluster. IndeedTully and Shaya1984) showed by models that spiral galaxies just
entered the Virgo cluster within several Gyr. A more dethreview of the diferences

of field and cluster galaxies is presentedBnselli and GavazZi20096.

Looking at the number distribution of luminous objé&gtspiral galaxies are the most
frequently observed morphological type, but not the mostihous compared to the
giant ellipticals. In the Virgo cluster, the faintest spgalaxies of type Sm dier from
the brightest Sc by a facter 600 in luminosity.

It has to be pointed out that in early times galaxies of typeS8dIm were initially
classified as an irregular class of Irr | and Irr Il. Latete Vaucouleurg1974
introduced the classes of Sd, Sm and.Ifhe “m” in Sm and Im is an abbreviation for
Magellanic and indicates the similarities of these typehi Magellanic clouds (see

20Objects with brighter magnitudes than the dwarf galaxies.
3Please note that the classes of dl and Im will treated eqinathyis study.
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also Fig.1.1 of Chapterl).

Galaxies which do not belong to any of the above mentionestekaare then classified
as irregular galaxies.

Looking at all the diferent morphological types in the Virgo cluster, but alsotimeo
clusters, it was realised that the spatial distributiorhefgalaxies is not homogeneous.
Furthermore, studies showed that the fraction of blue -figte) to red (early-type)
galaxies is a function of the distance of the galaxy to thdreeof the cluster, which
is called the morphology-density relatioBressler 1980. Thus, the galaxies will
change their appearance when moving through the denserckrstironment. For
instanceConselice et al(2001) showed that several early-type dwarf galaxies are not
an old cluster population, but originated from in-fallinglél galaxies and therefore
(parts) of the dEs are not formed in-situ. But the questionisich morphological
type is able to form an early-type dwarf galaxy? To answes dpiestion, it is crucial
to investigate the structural parameters of both, earlyl late-type galaxies, and
after that, the evolution with time of these parameters lgyrtteans of models and
simulations.

In this chapter we analyse the photometric and structucagaties of the Virgo late-
type galaxy population. The results of this chapter willigaas input parameters for the
evolutionary synthesis models of GALEV in ChapfeiThe GALEV-code models the
time evolution of the galaxies, and will be therefore therfdation of our investigation
of possible connections between early- and late-type gedax

3.2 The sample and data reduction

3.2.1 Sample selection

Using the Virgo Cluster Catalog (VCC) Binggeli et al.(1985 we selected all late-
type galaxies within the Virgo cluster up to magnitude gf ;180 mag, where the
VCC was found to be complete. This magnitude @uib@nce ensures that there is no
bias due to undetected galaxies with a low surface brigktnes

Applying a distance modulus of mM = 31.09 mag (according to a distance of-D
16.5 Mpc; Mei et al, 2007 Blakeslee et al.2009 this magnitude limit corresponds
to an absolute magnitude ofdvk —13.09 mag.

To cover the entire morphological sequence from early-tigpéate-type galaxies
within the Virgo cluster, we supplement the results frdanz and Liske(2008);
Janz and Liskef2009 on ETGs.

70



To decide whether a galaxy belongs to the Virgo cluster adated in the background,
a heliospheric velocity criterium 6730 < Vhejio < 2990 kny's was used (see appendix
of Weinmann et a).2017). All galaxies in this velocity range are treated as certain
members. However, there are also galaxies with morphddogimilar to Virgo
galaxies but without any velocity information. These géaxare handled as possible
members. The original VCC was updated by Dr. T. Lisker usiey melocities using
the NASA/IPAC Extragalactic Database (NED) or SDSS (kisker et al, 2006 and
references therein).

Figure 3.1 shows the velocities and the corresponding distances ofample taken
from the GOLDMine data basé@vazzi et a].2003*. Vertical lines correspond to
the above mentioned velocity limits. There is one galaxy Qv@323) with a slightly
larger velocity of yeio = 3002 knys, which is also included in the analysi$alaxies
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Figure 3.1: Velocities of the sample galaxies vs.their as=il distances. The
heliocentric recessional velocitiegey, are taken from the GOLDMine data base, as
well as the informations about the distances. To comparedloeities with the study
of Gavazzi et al(1999, which used velocities with respect to the local group (LG)
we transformed pgjip INtO Vi g Via Vig = Vhelio + 220 knys.

with nearby bright foreground or background objects andyersrwere also removed
from the sample, since an accurate analysis of the photanpebperties would not
be possible. There are several galaxies that are not or amtly govered by SDSS.

“Web-page of the GOLDMine data base: higoldmine.mib.infn.it
5In an updated version of the GOLDMine data base (check: 0201@), VCC-0323 has a velocity

of Vhelio = 2756 kl’T}'S.
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These galaxies were removed from the analysis as well.
The complete sample of late-type galaxies consists of 3&&igs and a summary of
the sample with all derived parameters can be found in @&wof the appendix.

3.2.2 Remarks on the distances

During our analysis, we realised that some galaxies wetedlias Virgo members,
but do not fulfil the above mentioned velocity criterium. hetpast, the membership
was first determined only by morphology without availablstaince measurements.
With new velocity data from SDSS and other observations, Gi@l.DMine data
were updated and the new velocities were added. It turnshaiiirt some cases the
GOLDMine data base has used the wrong spectral informafrons the SDSS, as
illustrated in Fig.3.2 The left panel of Fig3.2 shows VCC-0703 which is classified
as dl (GOLDMine: Im), with a spectral derived distance of 9pdVThe cyan square
indicates the location of the SDSS fibre, which was used terdehe the distance. It
is obvious that the spectrum used to derive the redshitiaisdf the wrong galaxy and
therefore also the distance is not the one of VCC-0703.

Another example of an issue with GOLDMine is VCC-0574dbmine = 307 Mpc),
which is shown in the right panel of Fi§.2 In this case the situation is even worse.
The coordinates of the dI VCC-0574 point to the galaxy with ¢yan square, which
clearly is not of type dl. Furthermore, there is a very faialagy in the north of the
galaxy, which has the right morphological properties of & ¥Moreover, it is also
possible that the galaxy with the cyan square is a distaotgh#axy. Thus, it is very
uncertain which galaxy actually is VCC-0574.

3.2.3 Classification

As a starting point we used the VCC classificatioBofggeli et al(1985. This step is
important to obtain a first overview for the location of thé&elient morphological types
within the parameter-space of the derived photometricgmogs. In the course of this
section the classification is reviewed and if necessary #t@xges are re-reclassified.
One possible reason for a misclassification can be the udagkotometric plates
from the Las Campanas survey. Figd shows images of VCC-0979 from three
different observations. On the left hand side of Big.the original photometric plate
of the Las Campanas survey is shown, while the middle and jpighels show the gri-

SFor a better contrast we recommend the digital version sfttiésis.
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Figure 3.2: Wrong identified distances in GOLDMine due tcmaate determination
of the SDSS fibres. Left: VCC-0702; Right: VCC-0574.

SDSS and Hubble Space Telescope (HST) (WFPC2-F606W filte®%tA) image,
respectively. Using the photometric plate, VCC-0979 wasgfied as Sa galaxy in
the original work ofBinggeli et al.(1985. However, the images of SDSS and HST
show significantly more details and reveal possible ongoingecent star formation
in the centre of the galaxy, as well as dust lanes. Thus, wittoming new, deeper
and more detailed observations the morphological typeseofalaxies will need to be
revised once again.

Figure 3.3 shows the number distribution of thefldirent classes of the late-type
galaxies in the sample for the classificationBinggeli et al.(1985 and additionally
the new classes after the revision of this study. Additiyralbtted is the distribution
of possible members of the Virgo cluster relative to theltataount of galaxies. As
expected dwarf irregular galaxies (dIs) are the main clé$ate-type galaxies in the
Virgo cluster with 95 galaxies. Compared to the dls, the B@Rsless abundant with
a total amount of 37 galaxies.

Within the class of spiral galaxies, the Sc galaxies are byhiamost numerous class
(83 galaxies), followed by the Sa (35 galaxies). The otheabplasses of Sb (18), Sd
(21) and Sm (26) are represented in roughly equal numberghelglass of galaxies
with an unknown morphology, almost all galaxies were resifees) as part of this study.
For completeness sake, we also include spiral galaxiegdyge Sa, despite knowing
that Sa galaxies, due to their large bulge, are not able tesfivam into early-type
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Figure 3.3: Number distribution of theftirent classes of the Virgo cluster. In each
class the left bar corresponds to the classificatiddinggeli et al.(1985 and the right
one to the revision of our study.

dwarf galaxies. For the same reason of completeness, wenalsmle two galaxies
(VCC-0654 and VCC-1883) classified as “RSB0”, which are S@xgaes with a ring

structure.

The group of star forming dwarf galaxies (BCDs and dIs) wasaaly subject of the
previous Chapte?.

3.2.4 Datareduction

To analyse the optical properties of the late-type galaxgupetion of the Virgo

cluster, we use the ugriz photometry with dfeetive exposure time of 54 s per filter
(Gunn et al.1998 Smith et al, 2002 from the Sloan Digital Sky Survey (SDSS) Data
Release Five (DRAdelman-McCarthy et al2007). Since the SDSS does not point to
each single galaxy, but operates in drift scan mode, theigalare not always covered
by a single CCD image, which makes an alignment of severaj@smaecessary. Due
to the high precision of the astromet®iér et al, 2003 the necessary alignment can
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Figure 3.4: VCC-0979 observed withfilirent telescopes. Left: photographic plate
from the Las Campanas survey; Middle: gri-SDSS image; RIgHST image
(WFPC2-F606W at 5957 A).

be done automatically.

The SDSS pipeline provides measurements of the sky brightvehich turn out to
be insuficient for our purpose. Therefore, we used the methddsKer et al.(2007)

for accurate sky subtraction. To determine the sky flux ofithages, in a first step
masks of all objects were created using the software SEgtré8ertin and Arnouts
1996. To avoid additional contamination of the sky due to too kmasks, the masks
were “blown up” through a gaussian kernel using the astrocalnsoftware package
IRAF’ (Tody, 1993. To increase the/8l, the g, r and i images were co-added to a
single image and in combination with the “blown up” mask a meask was created,
which was finally applied to the images infldirent filters to obtain the accurate sky
values. As shown biisker et al.(2007) the sky is not constant over the entire image.
To account for this non-constant sky, the above mentioneskmes applied to the
images and the sky was determined within overlapping bokéiseosize 201 x 201
pixels. This results in a master sky image of each filter trest finally subtracted from
the images.

The sky-subtracted SDSS images were finally flux calibrayeaising the information
from the SDSS, and Galactic extinction was corrected byguia equation given by
Schlegel et al(1998. The zero point fisets of the u and z filter were also corrected
(Oke and Gunn1983 with:

Upg = Uspss— 0.04 magd (31)
Zap= Zspss+ 0.02 magd

"httpy/iraf.noao.edu
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All the above mentioned data reduction steps were done aiitcely with the
programvirgocam which was provided by T. Lisker.

The error of the fluxeaf in each filter x (xu, g, r, i, z) was calculated by the formula
given inLisker et al.(2008:

05

2
: Npi . : : ix 2
Ayt ((fff_ VN ) o B 1)2]

fx
(3.2)
with
0, forg,riandz
_ (3.3)
1, foru
and
0.0 forg,randi
Ap = 2 g (3.4)
0.03, foruandz

In Equation3.2 N, is the number of pixels within the aperturg the measured flux
ando the noise level per pixelA¢ accounts for the uncertainties of the photometric
calibration in the dierent filters. The last term in the formula accounts for the
red leak in the u-band, resulting in an uncertainty of 0.02)ym&quation3.2 also
includes the uncertainties regarding the determinatidgh@Petrosian radius (see next
Section3.2.5. It was estimated that the error of the Petrosian detertmim&as the
same order as the sky uncertaintiesker et al, 2008.

With the propagation of uncertainty the errors of the cadowere calculated. The
following equation shows the error of the (g-i)-colour, aiiis the main colour index

used in this study:
Af 2 \2
Alg-i) =-25- Iog[l - \/(f—g) + (Af—f) ] (3.5)
g i

with the measured fluxeg,ff; and the corresponding errors of Equat®a

3.2.5 Data analysis

In the course of our data analysis, it was realised that théeeeoordinates, given
by the VCC, are inaccurate for some galaxies. Therefore, eterchine the centre
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Figure 3.5: Reduction of VCC-0030. Left: gri-SDSS imagealsé colours; Middle:
corresponding mask for the image; Right: Combination ofgenand mask.

coordinates for the entire sample using the IRAF taBipse (Jedrzejewski1987).
This was done in several steps starting with an initial roeggnapproach of the centre.
With these centre coordinates a first determination of theoBi@n semi-major axis
a, (Petrosian1976 for an elliptical aperturel(otz et al, 2004, using the co-added
SDSS gri-image of the galaxy, was performed by the progeitOR of T. Lisker.
The derived parametersy(¥o, € and @) of this run were used as starting conditions
for IRAF/ellipse with a fixed g This analysis yielded the new centre coordinates
(Xe,Ye), ellipticity (¢) and position angle (p.a.) for each galaxy. Using thesepeaiers,
the Petrosian radius was determined again and in the |gstistelRAF parameters
(Xe, Ve, € and p.a.) were fixed and the final Petrosian radius was detedhwithin the
co-added gri-image. The derived parameters of the gri-evaag used for all filters in
the same manner and were used to measure the total flux analftigit semi-major
axis a within 2a, aperture for all five SDSS filters.

To avoid flux contamination by sources other than the galthe/,above mentioned
masks were used as a first approximation. To analyse theyg#h@region around the
relevant galaxy has to be unmasked, resulting in an imageevétleobjects, except the
sky and galaxy, are masked out. Small scale objects on tdpeajdalaxy, which do not
belong to the galaxy (e.g. stars), are not masked by the fiasskmTherefore, these
objects were visually inspected and are masked by hand. éfhpdnel of Fig.3.5
shows, in false colours, the image of VCC-0030, with theegponding mask in the
middle. The combination of the image and the mask is showheanight panel of the
figure.

With the final set of ¥, y, €, p.a. and g, we are able to perform our analysis within
an aperture of Zayielding all relevant parameters, including the semigonaglf light
radius @ in units of pixels. To obtain thefective radius By in arcsec, the semi-major
half light radius g has to be transformed via:
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Rur = osgeggcsec . Jb/a, (3.6)

with the axis ratio (&) and the SDSS pixel scale aBO6%=X

pixel
To convert Ry from arcsec into parsec the following conversion was used

Rer[pC] = Reg[arcsec] tan( (3.7)

3600 180) Dipcl.

with the distance D of the object in parsec. In case of thed/olyster a constant
distance of >:16.5 Mpc was assumetgi et al, 2007).
The mean ffective surface brightneggs).; of the galaxies was calculated by

(Wer = M+ 2.5 log(27RY;). (3.8)

with the apparent magnitude m ang:f units of arcsec.

Since the above described parametefgedifrom filter to filter, it is reasonable to
choose a reference band. If not stated otherwise, the ridvasdised as the reference
filter.
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3.3 Results

In this section we present the results of the analysis ofatestlype galaxy population
within the Virgo cluster. In the first part, the spatial dilstition of the galaxy within
the Virgo cluster is described. In the second part of thigieecthe photometric
properties of the sample are presented and furthermorestudts are compared for
different approaches for the distances. Finally, the morpieabglasses of the VCC
are reviewed and if necessary the galaxies are reclassyfiesiig all the informations
of the following analysis.

3.3.1 Distribution within the Virgo cluster

The distribution of the galaxies within the Virgo cluster shown in Fig. 3.6,
which is divided into two panels for reasons of clearnesse pasition of M87 is
marked with a black cross and defines the assumed centre dfirtie cluster at a
position ofa = 187705907 deg and = 123911409 degd = 12h 30min 49As;

6 = 12d 23min 280s). Additionally, the sample of early-type galaxies frdm study

of Janz and Liskef2008 is plotted as small black data points. Particular in the
case of the spirals in the right hand side of RBg5, one can see a clustering of the
morphological types into fierent clouds, which was already reported by the early
studies ofde Vaucouleurg1961), Binggeli et al. (1985 and Binggeli et al. (1993.
These clouds were also mentioned in the BCD SeQi¢see Tab2.5.2. Figure3.7
shows the original map fror®avazzi et al(1999 with the subdivision of the cluster
into different regions. The coordinates of the galaxies correspmtiget equinox of
J1950, in contrast to the coordinates of this study with anrexx of J2000.

Comparing the distribution of the Virgo galaxies with theidt of Gavazzi et al.
(1999, the galaxies can be associated with théediént clouds and sub-clusters. The
distance of each galaxy within GOLDMine is based on the loocatithin these cluster
regions, thus a galaxy in the A-cluster has a distance-df DMpc, whereas a galaxy
in the M-cloud has a distance o432 Mpc. These distances will be from particular
interest in the Section8.4.2and 3.4.3 where we also discuss the implications of
assigning distances this way.

With the exact centres of the galaxies it is possible to nreathe projected distance
to M87. The distances of the galaxies to M87 are calculatéd wi

2 2
Rccldegree]= \/(CVM87 - a’galaxy) + (6M87 - 5galaxy) . (3.9)
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Figure 3.6: The distribution of late-type galaxies in thegdi cluster. For comparison
the early-type galaxies (black dots) are plotted todfddent sub-regions of the cluster
are visible and can be compared with F3g.

This radius is also called the cluster centric radiggs.R

Figure 3.8 shows the number distribution of thefidrent types as a function of

the distance to M87. & was normalised to a virial radius of\fg = 1.5 Mpc

(McLaughlin 1999.

As seen in Fig3.8, dIs have a relative mean distance to M87(§&> =0.88+ 044

with a small increase aﬁf— = 1.5. Compared to the dls, the BCDs are further out
Rcc

?LS;RT'E'L 0.99 + 0.49, with two peaks in the number dlstrlbutlonéi— 0.6 and

Dvlljz to the limited number of galaxies of the morphologicpetyinknown, Amorphous

and S, the statistic is quite poor. However, they all shownalar distribution of the

cluster centric radius with an average%ﬁf; ~ 0.75.

Looking at the spiral galaxies in the right panel of F§)8 one can see that the

most abundant type are the Sc galaxies, which are Iocaté@%) =091+ 0.41.

The distribution of the Sa galaxies shows two peakéicét 0.4 and RRi,C ~ 1.25,

respectively. The Sb and Sc galaxies show a quite broadhdison with the Sb

galaxies peaking aﬁfc—c 0.75. The morphological type of the Sm galaxies are also

located in a small distance to M87 and show a broad distohutom 0< R.C.C. <2

Table3.1shows the average radii from M87 for thefdrent morphological types. It
was found that galaxies of type S have the smallest distant®eetcentre, while Sd
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Figure 3.7: Map of the Virgo cluster, taken fro@avazzi et al(1999, showing the

different regions of the cluster. The position of M87 is indidaby a circle with

superscript number 87. Large capitals label the regionimttre Virgo cluster and the
size of the symbols corresponds to the distance modgiglo$the galaxies.

galaxies have the largest distance, as expected from thghwlogy-density relation.
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Figure 3.8: Number distribution of fierent galaxy types regarding the cluster centric
radius R¢, which is normalised to a virial radius of,i = 1.5 Mpc and a step size
of 0.2 Rjia- Note: the scale of the y-axis changed with thfedent morphological

types.

82



Table 3.1: Average radii & to M87 normalised to a virial radius of Ry = 1.5 Mpc.
Type  (Rcc/Riiria) o

Sa 0.76 0.46
Sb 1.01 0.49
Sc 0.91 0.41
Sd 1.08 0.49
Sm 0.86 0.51
S 0.67 0.31
Amorph 0.76 0.19
BCDs 0.99 0.49
dl 0.88 0.42
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3.3.2 Photometric properties

In this section we present the results of our analysis. Forsadpproach, we will
assume a constant distance ofI5.5 Mpc, and later on discussing the variation of
the derived parameters if we instead use the distances el @©LDMine data base.
In Section3.4.3 galaxies that are conspicuous in the diagrams are distursseore
detail.

Figures3.9 to 3.19 show the results of late-type galaxies in the colour-mamgieit
diagram (CMD) and in the B — M, — (u);-plane (togethetheparameter-space). For
a first approach, we use the galaxy types of the VCC and thedirstion of T. Lisker

in the diagrams. Therefore, the given average values gunekto the revised version
of the VCC by T. Lisker. Later on, the galaxy types are redfassif their location
within the (g—i) — M, — Ret — (u) Parameter-space does not fit to the bulk of the
single galaxy types.

Parameters of BCDs are taken from Chaj@end are corrected for the flux of the
starburst region. As in the previous plots, we show the te$tdm Janz and Lisker
(2008; Janz and Liskef2009 for a sample of ETGs in the Virgo cluster as black
data points. The vertical bars in the diagrams corresponidet@- deviation of the
ETG sample within a magnitude bin &M, = 0.5 mag oA (1), = 0.5 magarcseé.
Green asterisks correspond to ETGs with a blue core (dE{h)¢h are characterised
by ongoing or recent star formatidngker et al, 20063.

In Tab. 6.2 of the appendix, the results of the analysis are summarisé&tie
membership (ms) to the Virgo cluster was adapted fi®imggeli et al. (1985 and
was updated by T. Lisker with recent values from the lite@{aolumn [2]).

In the following we discuss the properties of each morphic&igyalaxy type, as well
as potential outliers in the diagrams.

Sa

Galaxies classified as Sa are located in the region of 8.88- i) < 1.23 mag, -21.91
<M; <-15.11 mag, 0.6% Ry < 5.26 kpc and 18.9% (u)y;, < 23.70 magarcseéin
the (g— 1) — M; — Rer — (W) parameter-space in Fig.9to 3.19

Calculating the mean values of all parameters reveal a m#aarof((g — i)) = 1.05+
0.14 mag, a magnitude g¥1,) = —19.39+ 1.48 mag, anféective radius ofRe;)= 2.04
+ 1.07 kpc and(u)) ¢, = 20.43+ 0.96 magarcseé (see Fig3.25. All quoted errors
for the average values represent thedeviations.
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Figure 3.9: Colour-magnitude diagrams of late- and eafbetgalaxies in the Virgo
cluster. Black dots show the ETG sampleJaihz and Liske(2008; Janz and Lisker
(2009. The vertical bars correspond to the deviation within a magnitude bin of 0.5
mag. For clearness the CMD is divided into two parts. Leftgha@MD with spirals
(Sa-Sd); Right panel: same CMD for Sm, SB, Amorphous, S akdawn galaxies.
The CMD of the BCDs and the dls can be found in Chapter

At first glance one realises galaxies in the region betwekr:1g — i) < 1.5 mag and
—20.0 < M, < =17.2 mag on the left hand side of Fi§.9 which are slightly redder
than the population of ETGs. One may speculate that thesgigalare inclined ones.
However, a detailed inspection of the co-added gri-SDSSj@saf the Sa galaxies
in this region showed that there is no general trend of bedgg®n. In this case it

is worth to investigate the shifts of the magnitBidetroduced by dferent distance
approaches, what will be done in Sect@4.3

Sa galaxies have an average axis ratilofa)) = 0.56+0.20 with a broad distribution
from almost circular galaxies with (B) ~ 1 down to (a)~ 0.2, indicating very
elliptical shapes (Fig3.10. Assuming that face-on Sa galaxies are almost round
with an axis ratio of If/a) ~ 1 and also assuming that they are very thin in the z-
direction, it became clear that several Sa galaxies of thkahave to be inclined.

8The colours are notftected by diferent distances, since we are still at redshifts close . zer
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With increasing inclination angle the path length througdhdisc increases and in turn
increasing the dust reddening. Therefore, also the madmiaund the corresponding
colours are influenced. From this we conclude that the isittioolour distribution,
corrected for inclination, is somewhat bluer than the obsgone.

10

Sa ‘
<b/a>

0 0.2 0.4 0.6 0.8 1
axis ratio b/a

Figure 3.10: Histogram of the axis ratio of Sa galaxies. Teamaxis ratio is indicated
by the black line and amoun¢fb/a)) = 0.56 + 0.20.

Sb

In the region of 7 < (g—i) < 1.3 mag,-21.40 < M, < -17.41 mag, 0.76< Rt <
5.3 kpc and 188 < (i), < 22.38 magarcseé of Figs.3.9to 3.19the Sb galaxies
are located. Looking at the CMD in Fi§.9, one finds Sb galaxies in the region of
(g-1) > 1.0 mag and M > —20.0 mag, which are, from a visual inspection, invariably
inclined galaxies. Except for the galaxies in this regitwe dther Sb galaxies follow
an almost linear correlation in the way that with increasialpurs the galaxies getting
brighter. In the Ry — (1) -diagram of Fig.3.18 we found that Sc galaxies with a
larger dfective radius are also brighter.

No obvious outliers can be found, except for VCC-0267, wtiiel a slightly lower
(e, cOmpared to the other Sb galaxies in RBdl2and3.19

The following average values andrldeviations were calculated for the Sb galax-
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ies: {((g—1)) =0.98+0.25 mag(M;) = -19.46 + 1.25 mag,(Retr) = 2.13+ 1.24 kpc
and ((,u)eﬁ’r> = 2042+ 0.88 magarcseé. The average axis ratio was measured to
((b/a)y = 0.55+0.23. However, Fig.3.11 shows a double peak in the histogram
at (b/a) = 0.2 for highly inclined Sb galaxies and at/@) = 0.7. This double-peak
distribution may be explained by the inclination angles. a&d-on spiral is easily
classified according its bulge-disc ratio and pitch-andlthe spiral arms. However,
these features became less obvious in case of increasiirgatem.

5
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Figure 3.11: Same as Fi8.10 but for the Sb galaxieg(b/a)) = 0.55+ 0.23.

Sc

In Figs. 3.9to 3.19the region of B9 < (g-1) < 1.21 mag, -22.0< M, < -15.05
mag, 0.67< Rer < 7.62 kpc and 19.72 (u), < 23.16 magarcseé is populated with
Sc-type galaxies.

Inclined Sc galaxies can be found in the region of(y > 1.0 mag and M> —-19.0 mag.
The rest of the Sc galaxies covers a region in the CMD fra3® @ (g —i) < 1.2 mag
and-220 < M, < -16.0 mag, with one outlier (VCC-0989) at (g-§ 0.56 mag and
M, = -15.05 mag, which will be discussed in Sect@#4.3

Calculating the mean values of all parameters revé@:.—i)) = 0.76+ 0.20 mag,
(M;) = —1851+ 1.31 mag, (Rer) = 1.97+ 1.26 kpc and((u)er,)= 21.20 + 0.80
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Figure 3.12: Hective radius By vs. the mean féective surface brightnesg);, in
r-band. Left panel: spirals (Sa-Sd); Right panel: same foy SB, Amorphous, S and

unknown galaxies.

magarcseé.

Like the Sb galaxies, also the Sc’s show double peak in thedrsm for the axis

ratio (Fig.3.13. However, the region between the two peaks is small andriays
disappears when fllerent bin sizes and steps were applied. The average axi©veti
the entire range in the histogram of the Sc galaxigfis)) = 0.54 + 0.25.

Sd

Galaxies classified as Sd galaxies are located in the refjib8b< (g — i) < 0.89 mag,
-18.86< M, < -14.48 mag, 0.6Z Re; < 3.39 kpc and 21.23 (i), < 24.27 mag
Jarcseé.

Compared to the Sc galaxies, the Sd galaxies in E@have bluer (g-i)-colours with
a minimum at (g-i) = 0.21 mag. At a given (g-i)-colour of (g i) ~ 0.62 mag two
galaxies have relatively faint magnitudes,(M—-15.1 mag) compared to the other Sc
galaxies at the same (g-i)-colour. These two galaxies ar€-0C32 and VCC-1605
and are also conspicuous in Fi@s18to 3.19 particular VCC-1605 stands out with a
very small Ry compared to the other Sc galaxies.
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Figure 3.13: Same as Fig8.1Q but for the Sc galaxies(b/a)) = 0.54 + 0.25.

The Sd galaxies have an average (g-i)-colouf(gf—i)) = 0.58+ 0.17 magM,) =
-16.88= 1.03 mag(Rar) = 1.66x 0.68 kpc and(u)es, ) = 22,61+ 0.66 magarcsee.
Figure 3.14 shows the histogram of the distribution of the axis ratigafbwith an
average of(b/a)) = 0.59+ 0.29. The axis ratio has a broad distribution with one peak
at (b/a)=0.8.

Sm

In the right panels of Fig8.9to 3.19 we show the results of the Sm galaxies. The Sm
galaxies cover a region in the parameter-space.2 & (g-1i) < 0.90 mag, -19.52
<M, < -14.22 mag, 0.4& Rer < 2.62 kpc and 20.14 (u), < 24.02 magarcseé.
There are three galaxies (VCC-1554, VCC-1575 and VCC-1@863h are conspic-
uous in the diagrams. However, only VCC-1554 shows obviafisrénces from the
rest of the Sm population, while the other two galaxies atba@tboundaries” of the
Sm distribution. The “boundaries” are described by the margf the bulk of the
population in the parameter-space.

Averaging all Sm galaxies we obtaif(g—i)) = 0.55+ 0.14 mag,(M,) = -16.42+
1.30 mag{Res) = 1.21+ 0.64 kpc anc((;;)eﬁ,,) = 2224+ 0.90 magarcseé.

The average axis ratio igb/a)) = 0.54+ 0.14 and the distribution for the entire Sm
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Figure 3.14: Same as Fi8.1Q but for the Sd galaxieg(b/a)) = 0.59+ 0.29.

sample can be found in Fi§.15
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Figure 3.15: Same as Fi8.10 but for the Sm galaxieg(b/a)) = 0.54+ 0.14.
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Unknown

Most of the initially “unknown” galaxies were reclassifiegt . Lisker as irregular
galaxies. To check this reclassification, all “unknowngnfr the original VCC are
used and were checked again in the parameter-space.

Galaxies classified as “unknown” in the VCC cover almost Hrasregion in the CMD
as the dls, therefore, the revision by T. Lisker seems fdiéeisHowever, in the case of
VCC-0020 it is not easy to decide which galaxy was classifigte initial VCC. In the
image of the VCC-0020 there are three galaxies close togeilme most prominent
one has blue colours and could be classified as dlI regardimgatphology, while the
others have too red colours. The coordinates, given by GOineNbr VCC-0020,
point exactly to a galaxy which is relatively red. Due to theuficient coordinates,
we cannot confirm its VCC classification, and therefore V@2@should not be taken
into account for the remaining analysis.

After the first revision by T. Lisker, there is only one galdejt over in the class of
the “unknown” galaxies. This galaxy (VCC-0113) has veryitamproperties in the
parameter-space as the BCDs in Figfand3.18 However, the surface brightness
is too low compared to the BCDs and LSB-components (see Big2 and 3.19.
Furthermore, the optical SDSS image of VCC-0113 shows sowssilple hints for
interaction, noticeable by an extended halo with some kafidisops or shells.

S

The class of “S” galaxies has be introduced for galaxiesysiga spiral structure but
which cannot be associated with a special subtype (e.g. SaprLooking at the class
of “S” galaxies, one realises that they cover a range in magdeiofAM, = 3 mag and
A, = 4 magarcseé, locating them in the regime of both giants and dwarfs.
Figure 3.9 shows two galaxies (VCC-0135 and VCC-0213), which affset from
the rest with a magnitude M- —16 mag and were already discussed in Se@idn3
They will also be discussed in Secti@¥4.3 Averaging over the entire parameter-
space yields a (g-i)-colour ¢f{g — i)) = 0.87 + 0.14 mag{M,) = -17.26 + 1.53 mag,
(Re) = 1.18 + 0.62 kpc ano((,LL)eﬁ,r) = 21.36+ 1.29 magarcseé.

The distribution of the axis ratio is shown in FB)16 It has a discrete distribution with
several peaks and an average axis ratig{lnfa)) = 0.57+ 0.27. However, this finding
should be handled with care, since there are only a few gadanithis morphological
class, resulting a poor statistic.
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Figure 3.16: Same as Fi8.1Q but for the S galaxieg(b/a)) = 0.57 + 0.27.

Amorphous

First introduced bySandage and Brucat@l979, the Amorphous galaxies are “a
redefinition of the standard Irr Il typ&”Here the group of Irr | galaxies shows some
hints of spiral arms (or more commonly: a organised str@gtuwhile the Irr Il
galaxies do not show any organised structi@ar(oll and Ostlie2006. Thus, one
would expect galaxies with irregularities. However, theigrages of the Amorphous
galaxies show discy galaxies with a wide range in colour. @ammg the classification
of the original VCC and the data from GOLDMine also show$edtences. Four out of
five Amorphous galaxies are classified as “unknown” in GOLD&&and one galaxy
(VCC-1675) is classified as “Pec”. The classification of GQIDe may be the better
choice, since the amorphous class is somewhat loosely define

In Figs. 3.9 to 3.19 the Amorphous galaxies can be found in the region of 0.65
< (g-1) < 0.90 mag, -19.84& M, < -17.34 mag, 0.8%< Rg < 1.7 kpc and
18.92< (uyer, < 22.10 magarcseé with average values of{(g—i)) = 0.78+ 0.11
mag, (M,) = ~1848+ 1.05 mag,(Rer) = 1.21+ 0.41 kpc, (()er,) = 2039+ 1.24
magarcseé and{(b/a)) = 0.52+ 0.07. The histogram of (b) is shown in Fig3.17
and has a very narrow distribution around the average ypdu# to the small amount

SCitation fromSandage and Brucat®@979.
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of galaxies with this classification.
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Figure 3.17: Same as Fig.1Q but for the Amorphous galaxiegb/a)) = 0.52+0.07.
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Figure 3.18: Hective radius B; vs. absolute magnitude Mn r-band. Left panel:
spirals (Sa-Sd); Right panel: same for Sm, SB, Amorphousdliaknown galaxies.
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in r-band. Left panel: spirals (Sa-Sd); Right panel: sameSim, SB, Amorphous, S
and unknown galaxies.
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3.3.3 Colour-colour diagrams

Since all galaxies were analysed in all SDSS filter bands twdmz, also other colour
informations are available. Figur82Q 3.21and3.22for example, show the distance
independent colour-colour diagram of all galaxies in oungle. Used colours are the
(u-g)-colour, which is most sensitive to the age due to theflu¥ of the young stellar
population and the (i-z)-colour, most sensitive to the nieity.

In the sample of ETGs, there are some galaxies that arevediatitset from the rest of
the ETG population. This pertains to VCC-1039 and VCC-171® an (i-z)-colour
of 0.84 mag and 1.15 mag, respectively. In the (u-g)-colou@C-0091 is dfset from
the rest with an (u-g)-colour of (u-g3.25 mag. In the figures a cufat (u-gy=2.5
mag and (i-zx0.6 mag was applied, thus the above mentioned galaxies awesitze

in the diagrams.

In Fig. 3.20 the Sa to Sd galaxies are displayed and additionally the SEdx@
plotted (black dots). Among the Sa galaxies there are thaéexigs which are very
conspicuous in the diagram with colours oH{lg) < 1.25 mag and (+ z) < 0.04 mag,
corresponding to VCC-0015, VCC-1358 and VCC-1933. Thewoéste Sa galaxies
have colours of (4 g) > 1.3 mag and (+ z) > 0.1 mag

One of the Sc galaxy (VCC-0865) has a very red (i-z)-colou(i ef z) = 0.25 mag
compared to the other Sc galaxies. The other Sc galaxiesatayreen (u-g)-colours
redder (i-z)-colour compared to the ETGs, but cover almusisame range in the (u-
g)-colours of the ETGs.

In the class of the Sd galaxies, there is one galaxy (VCC-Ptt@ totally dfset from
the rest with extreme (i-z)-colours of<{iz) = —0.48 mag, which is only reached by
the dis.

The Sm galaxies are displayed in F&g21and are found at (u-g)-colours of (i<z)..24
mag, with a large spread in the (i-z)-colours.

The loosely classified S galaxies, have the same coverade &btand Sc galaxies.
Furthermore, looking at the distribution of the Sb galaxre&ig. 3.20 one can find
a kind of underrepresentation of Sb galaxies betwe2h 4 (u- g) < 1.45 mag and
(i—z) < 0.16 mag, which is filled by three of the S galaxy (F&21), while the other
S galaxies cover the same region as the Sb galaxies. Howleigag only a weak indi-
cation to the exact morphological type of the S galaxiegesthe same colours do not
necessarily mean that the galaxies have the same morph(@ggture). One of the
S galaxies (VCC-0320) can be found at{g) = —1.38 mag and (+ z) = —-0.39 mag.
Among the spiral galaxies only the Sb galaxies have comparad (i-z)-colours, what
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could be therefore again hint to the exact morphologicattyp

The only “unknown” galaxy (VCC-0113) is located at (u=¢9.82 mag and (i-B-
0.46 mag, which is only reached by the dI galaxies (cf. Big2.

The colour-colour diagram of the BCDs and dls is shown in 8i82 In contrast to the
analysis of Chapte2, the BCDs are not divided into the contribution of the stasbu
and LSB-component, due to the lowNsof the z-filter, what would be resulted in
large photometric errors. Therefore, we use the total eslofithe BCDs, instead of
the colours of the LSB-component. The dls show a large sdattée colour-colour
diagram and together with the BCDs, they tend to have reddd+golours at a given
(u-g)-colour than the bulk of the dEs. However, also the disvsa larger scatter in
the diagram.
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Figure 3.20: Colour-colour diagram of the late-type samplisplayed are the spirals
and the ETGs.
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Figure 3.21: Same as Fi8.2Q but for the Sm, S Amorphous and unknown galaxies.
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Figure 3.22: Same as Fi§.20 but for the BCDs and dIs. For the BCDs the total
values are used, since thi\NSf the LSB-component in z is too low.

98



3.3.4 The luminosity function

The luminosity function (LF) describes the number of gataxiN per magnitude bin
dM. LF can be approximated by an analytical function, givgrsbhechte(1976):

N(M)dM = ¢* - 10°04@+DM , Lo ) gy (3.10)

with the free parameters of the slope the normalisatios* and the characteristic
magnitude M.

Figure3.23shows the LF of the early-type and late-type population eMingo cluster
in the range of -22.0 to -13.0 mag with a bin width of 0.5 magoEs were estimated

by

AN(M) = /N(M). (3.11)
The black squares correspond to the overall LF of the eningo\¢tluster population.
The green asterisks and red triangles indicate the disinitbwf the late-type and
early-type galaxies, respectively. The solid line coroes}s to the overall LF using
Equation3.10 The error weighted fit was performed with a non-linear leagtare
Marquardt-Levenberg algorithm. The slopa&vas found to be

a=-127+0.02 (3.12)
and the characteristic magnitude has a value of
M; = -2158+ 0.25 mag (3.13)

Additional to the Schechter-function, also a linear fitggght line in Fig.3.23 to the
data in the intervat14.4 < M, < 19.0 mag was applied, with a slope of

Qjin = -1.30+0.10. (314)

The slopesr andayj, are in good agreement witRines and Gelle(2008 also using
SDSS r-band data and it is also in good agreement Bighton et al(2007) for their
sample of 11275 galaxies from the SDSS. However, our valiesace slightly lower
compared to other studies of the Virgo clusterrgntham and Hodgki(2002 and
Sabatini et al(2003, who found a slope ofr ~ —1.6 in the B-band. The SDSS
analysis oKrywult (2009 on Abell clusters with richness classégéll et al, 1989
of R > 2 (rich cluster) and R 1 (poor cluster) found quite fierent results. In the
g-band they obtained slopes of Schechter-function fitg ef —0.70, and even lower
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values { ~ 0.55) for the other SDSS filters for the Abell rich clusters.

Trentham and Hodgkif2002 investigated in their study whether the parameters of the
LF depend on the used filter. Therefore, all five filters arelus@lerive the parameters
of the LF and the results of the analysis are shown in 3&b.The results ofr for the
different filters show quite small deviations. When taken thersmfa into account,
the diferences are negligible.

The data of this thesis were partly used.ieder et al.(2012 to determine the LF of
the Virgo core region. A transformation of our r-band datéh® V-band magnitude,
using the method ofester et al(2005, and a linear fit to thd.ieder et al.(2012
sample in the interval -18.8@ My < -13.0 mag reveals a slope of= -1.50 + 0.05.
Similar to the studies ofrentham and Hodgki(2002 andSabatini et al(2003, this
slope is steeper than ours.

100

10 |

Number of galaxies

Figure 3.23: Luminosity function of Virgo galaxies. Plaitare late-type, early-
type galaxies on its own (green and red symbols) and the kdtalThe red line
corresponds to a Schechter-function and the blue line toeatifit in the interval
-14.4 < M, < 19.0 mag.

Figure 3.24 shows the same LF, but subdivided into the contribution efdifferent
morphological types, using a bin size of 0.25 mag. In bothefgmof Fig.3.24the
distribution of the ETGs and dE(bc)s is shown with &eatient y-scale compared to
the other panels. The ETGs show a gradually increase of theittFa turnover at
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Table 3.2: Parameters of the LF fofféirent filters.
Filter a Aa M* AM*

u -1.371 0.091 -20.049 0.519
g -1.337 0.037 -21.593 0.299
r -1.297 0.037 -22.023 0.324
[ -1.276 0.028 -22.367 0.265
z -1.295 0.027 -22.863 0.374

M, =~ =14 mag.

The Sd and Sm galaxies have a relative similar distributewen though the Sm
galaxies are less abundant. Among the spirals, the Sc galdrave the broadest
distribution from almost M= —23 mag down to M= —-15 mag. The bulk of the Sc
galaxies can be found around a magnitude =19 mag. As already mentioned
in Section3.3.2 Sa galaxies show a large range in magnitude, what is algdevia
Fig. 3.24with a similar range like the Sc galaxies. Inspecting the fetaming dwarfs
in this figure, one realises that the BCDs have a narrowerilaligion than the dls.
There are dlIs with slightly higher magnitudes than the BOR#,there are also dls
with lower magnitudes. The LFs of the loosely classified “&faxies, together with
the unknown and Amorphous galaxiesttsufrom the poor number of galaxies within
these morphological classes. Therefore, any interpogtaias to be handled with care.
Also obvious in Fig3.24is the overlap between regions of generally classified dwarf
and spiral galaxies. For instance, the spiral types of SdSanghare a large overlap
region with the BCDs and dlIs, which makes a simple magnitissidn in dwarf and
non-dwarfs questionable.
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3.4 Discussion

3.4.1 Comparison of the dfferent types

The following Figs.3.25 and 3.26 show the averages and the- Heviation of the
derived parameters of theftkrent morphological types. The derived parameters of
our galaxies are given for every morphological type of thiginal VCC (red bars)
and of the revision by T. Lisker (red bars). Additionally teetlate-type galaxies, the
averages of the complete ETG population are given as wetth&umore, the sample
of ETGs is subdivided into the contribution of the dEs (-18 mag) and the dE(bc)s

The diference between the VCC and the revision are minor for the maggnM,

(g - i)-colours andu); . However, the dferences for B and the axis ratio (fa) are
more prominent, especially for the Sb and Sd galaxies.

In the next step, the morphological types are compared \&ith ether. The parameters
of the Sa and Sb galaxies do not show a large deviation frorn ether, while they
differ from the other spirals of the type Sc, Sd and Sm. The Sd andgdfaxies also
show similarities in M and (g— i). However, the Sd galaxies have on average a larger
Rer and a loweru); , compared to the Sm galaxies.

The unknown galaxies of the original VCC show a similar betvaike the dis, which
again supports the reclassification of most of them to thephmmogical class of the
dis by T. Lisker. Owing to the fact that the revision only cains one unknown galaxy,
no error bars are given in the diagrams.

Since the main aim of this study is to find the possible pragesiof the early-type
dwarf galaxies, it is worth to compare the derived paransetértoday’s late-type
galaxies with the ones of the dEs. To obtain a more sophisticasight into the
possible connections, we will also study the photometralwion of the late-type
population by means of evolutionary synthesis models inp@hd.

One of the main findings of Chapt2mwas that the LSB-components of the BCDs and
the compact dEs cover almost the same region in the Ry — (i) -plane, what
can also be seen in Figd.25and3.26 It is also obvious that the LSB-components are
on average bluer and more compact than the dEs. Howeveff#otiee radius in units
of kpc of the LSB-components is also influenced by tHeedent distance approaches,
what will be discussed in more detail in Secti®4.2

Comparing the results of the other morphological types Wil ETGs, one can
see obvious dierences, but also some similarities. However, when comgdhe
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averages one should also keep in mind thredgviation of the results.

As expected, the averaged parameters of the Sa and Sb gatigmeficantly difer
from the ones of the dEs. On average the magnitudamd mean surface brightness
(e, Of the Sa and Sb galaxies are too high and tiiective radius B is too large
compared to the ETGs. Looking at F&9, it is visible that most of the spiral galaxies
at a given (g-i)-colour are brighter than the ETGs. Furtlmendue to the active star
formation of the spiral galaxies, expectedly they have bbadours than the ETGs. In
Figs.3.12and3.19the spirals within a& deviation cover the same region as the ETGs.
Galaxies with M < —20 mag are slightly fainter with increasing radius compéared
the ETGs in Fig3.18

As already seen in Fig.24 there is no clear separation between the dwarf galaxies
and spirals. This motivates to ask what really defines a dgaleixy? The definition
by a certain magnitude holds overlaps with spirals as wet asrface brightness and
effective radius.

104



-22 0.2
dE(bc) - dE(&c) -———-
21 +

| H - l“l

Al ll.,H “
’ﬂl 1. |

M, [mag]

(9-1) [mag]

-15 +

14 | A T N M S 1.4

%%%%%Q%}%ﬁ&ﬁgﬁﬁ %%%%%@%%%ﬁ&&?Q&
250, &% sy
35 17
dE dE

21

22

15

23

il

05 25

Reff [kpc]
N
N [63) w
————————————
e ep———————————————————————————————————————————————
i
0 i
————————————
T
U T —
————t
B—— !
] i
—— |
L i
<U>gf [mag/arcsecz]
N = [
o o [ee]
I———————
[ —
(o
————y
L e |
[ ——
i
[ —
[ —
et

26

% %% %% WA OKLT 9% %% % YN R a2 0T %%
0 %, %0,° e
%

(QTAR)
&
%

Figure 3.25: Distribution of the averaged results of the-lgfpe galaxies in the Virgo
cluster. The red bars correspond to the morphological tgeesed by the initial
VCC, while the black bars show the results for the morphaalgiypes classified by
T. Lisker. Additionally shown are the results of the eaglpd galaxies. The horizontal
red and blue lines indicate the averages of the dEs and df flespectively.
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Figure 3.27: Normalised distribution of the axis ratio foetETGs, dEs and dE(bc)s
of the sample oflanz and Liske(2008; Janz and Liskef2009 with corresponding
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3.4.2 Application of the GOLDMine distance

For all the above showed plots a constant distance of 16.5wWéscapplied. Since the
GOLDMine data base also provides the distances accorditigetdiferent clouds of
the Virgo cluster (see Fig8.6 and3.7), it is worth to compare our results with the
different distance estimates. It has to be pointed out that thesd distances based
on Tully-Fisher distance measurementsilly and Fisher 1977 of a small sample
of spiral galaxies Gavazzi et al. 1999, therefore, the estimated distance of each
galaxy within a cloud based on a small number statistic. Heurhore, galaxies of a
certain right-ascension and declination may be assocrtbe.g. the B-cluster with a
distance of 23 Mpc, but in reality the galaxy is located inpleephery of the A-cluster
with a distance of 17 Mpc. Therefore, also th&etient distances of the galaxies in the
cloud should be handle with care.

It was realised through the analysis that some galaxies diat@nces which are well
behind the Virgo cluster. To minimise the distortion of theei@ged values due
to background galaxies, galaxies with a distance of B2 Mpc are excluded from
the calculation of the averages. Figui@28to 3.31 show the same diagrams as
Figs.3.9,3.18 3.12and3.19 but now with the corresponding GOLDMine distan®es

A summary of the shifts due of the distance depended parasned® be found in
Fig. 3.32 which shows the averaged values gf Bnd M derived with the GOLDMine
distances. Since only thefective radius in kpc and the apparent magnitude are a
function of the distance, the other parameters do not chandehe averaged values
can be taken from Fig8.25and3.26 The red bars in the histograms correspond to the
morphological type, which have been reclassified by T. Liiskke black bars show the
same morphological types, but with the application of theLG®line distances. The
green bars display the averages of the morphological typesh are reclassified by
this study and additionally the GOLDMine distance was useg (iext SectioB8.4.3.

All spiral galaxies and the dls become brighter and larg&inif one uses the GOLD-
Mine distances. The fiference between the magnitudes is ak; ~ 0.5 mag and
ARg; ~ 0.4 kpc for the &ective radii. This magnitude flerence gets smaller within
the spiral types from Sa to Sm. In case of the Sm galaxies, iffierehce is only
AM; = 0.15 mag.

10The GOLDMine distances were only applied to the late-tydexdas and not to the early-types.
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Figure 3.28: Colour-magnitude diagrams of late- and ety galaxies in the Virgo
cluster. Black dots show the ETG sampleJaihz and Liske2008; Janz and Lisker
(2009, where the vertical bars correspond to tled®viation within a magnitude bin
of 0.5 mag. For clearness the CMD is dived into two parts. peftel: CMD with

spirals (Sa-Sd); Right panel: same CMD for Sm, SB, Amorph&iand unknown
galaxies. To calculate the distance of the galaxies valiees the GOLDmine data
base are used.
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Figure 3.29: Same as Fig.28 but for the €ective radius B vs. the meanféective
surface brightnesg:); , in r-band.
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Figure 3.30: Same as Fi8.28 but for the €ective radius By vs. absolute magnitude
M, in r-band.
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Figure 3.32: Histograms of late-types with the GOLDMindalixe. The red and black
bars correspond to the initial classification by T. Lisked éme values if one uses the
GOLDMine distances, respectively. The green bar showswaeges using the new
classification of Sectio.4.3and additionally the GOLDMine distance instead of a
constant distance of £16.52 Mpc.
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3.4.3 Reclassification

Using the informations of all derived parameters, we are dblcheck the initial
classification of the VCC and the revision by T. Lisker. Thelassified galaxies with
the old types from the VCC and the corresponding new typdshe@isummarised in
Tab.3.3 Galaxies classified as a mixed type of BCDs like /BGD” were already
discussed in Chapt&.4.8 but are also listed.

In the class of Sa galaxies, there are three galaxies whieho#set from the
rest of this type, having a lower surface brightness, faim@gnitude and bluer
(g-i)-colour. VCC-1933 has the lowest surface brightndssest (g-i)-colour and
faintest magnitude, what would point to a misclassificatiothe VCC. Indeed, the
GOLDMine data base classifies VCC-1933 as a Sm galaxy. Hayweita our findings
in the parameter-space it is also possible to classify VO83las a dwarf irregular
(dl) galaxy. The gri-image from SDSS in the right panel of. B3 shows a galaxy
with a possible spiral structure, but it could also intetpdeas features of interaction.
Therefore, the class of GOLDMine is used, but with a stronceuainty.

The two other galaxies (VCC-0015 and VCC-1358) have progeedf the morpho-
logical types of the Sc's and Sd’s, therefore, they shouldlbssified as Scd (with
more weight to Sd). Moreover, the gri-image of VCC-0015t(fenel of Fig.3.33
does not show a prominent bulge, what would be typical for@axges, reinforcing a
misclassification. However, when applying the distancat®GOLDMine data base
the magnitude of VCC-0015 would be shifted to the regime efdther Sa galaxies.
Interestingly, the SDSS image of VCC-1358 (middle paneligf .33 shows a galaxy
without any spiral structure, but with a blue core in the cerdf the galaxy. The
optical image has similarities to dE(bc)s and indeed doeddtation of VCC-1358
fit to the one of the dE(bc)s in the entire parameter-spacen Eith the distance of
GOLDMine, there is no shift in the parameter-space, sin¢e stated with 17 Mpc.
Therefore, VCC-1358 is reclassified as a dE(bc). The VCGCsiflas VCC-0989 as
a “Sc or Im” and the GOLDMine data base as “Sc (dSc)”. Usingregent results,
we would classify VCC-0898 as a dI galaxy, singg; , at a given Ry, is quite low
compared to the other Sc galaxies. Without deep observatierGOLDMine class of
a dSc could not be ruled out, but the optical image in the kfigbof Fig.3.34does not
give any hint of a spiral structure, which would confirm thegular class “dl”. Three
galaxies are conspicuous in the Sd class (VCC-0132, VCG-46d VCC-1685). All
three galaxies are classified in the VCC and GOLDMine as S8t respectively.
Comparing the results of the galaxies with other types, @32 and VCC-1605
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Figure 3.33: Galaxies initially classified as Sa, but nobhging to the parameter-
space of Sa galaxies (from left to right: VCC-0015, VCC-1358 VCC-1933).

Figure 3.34: Left: Galaxy VCC-0989 was initially classifiadl Sc (dSc), which could
be reclassified as a dI; Middle: The very puzzling galaxy V@864, which could not
be associate to any late-type class; Right: VCC-1955, plysaidE(bc).

share the same parameter-space like dl galaxies. VCC-1685has properties in
common with the dls, but also with the Sm galaxies. The opimcage of VCC-0132
(left in Fig. 3.35 shows a faint galaxy with no obvious spiral structure, @xder a
faint loop in the south, supporting the galaxy class of “dwith a minor uncertainty.
Furthermore, in the colour-colour-diagram in F3g20Q, the (i-z)-colours of VCC-0132
are only reached by far by the dls.

The images of VCC-1605 (middle) and VCC-1685 (right paneFigf. 3.35 reveal
inclined galaxies. Therefore, the classification of the BWattcannot be ruled out.
There are several galaxies classified as “S” or “S (dS)” insthmaple. VCC-0213 and
VCC-1955 were already discussed in Cha@eroncluding that VCC-0213 could be
a BCD with a spiral structure regarding its parameter-spaaenevertheless there are
uncertainties regarding the classification.
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Figure 3.35: Galaxies initially classified as Sd, but nobbging to the parameter-
space of Sd galaxies (from left to right: VCC-0132, VCC-160% VCC-1685).

VCC-1574 is classified as a “S” in the VCC and as “?” (unknownjGOLDMine.
Cross-checking the redshift with SDSS reveats@ 0756, bringing it well behind the
Virgo cluster. However, in the GOLDMine data base a velooityye = 639 knys is
given. This value based on HI measurements f@awazzi et al(2006 (their Table 3).
The optical image shows a galaxy with obvious spiral stng;tbut with the applied
distance it is rather small for a typical spiral galaxy. Tfere, we are not able to give
any new information regarding the classification, but VC&374.is marked with a “”,
indicating the uncertainties in the classification.

As VCC-1358, also VCC-1955 covers almost the same pararapéee as the dE(bc)s
and it was also included in the additional sampld.isker et al.(20069. The SDSS
image of VCC-1955 is shown in the right panel of F8y34 The centre of the galaxy
has blue colours and the surrounding disc does not show atyréeof spiral structure.
Therefore, VCC-1955 was reclassified to a dE(bc).

The parameter-space of VCC-0320, which is classified as @S)3(n GOLDMine,
shows all structural properties of the dl sample at a diggah®=16.5 Mpc. Regarding
the GOLDMine data base, VCC-0320 has a distance 82D Mpc, making an
allocation to the dls still possible, but also shifting itarthe region of the late spirals
in the M, — Res-plane. Despite to the other late spirals, VCC-0320 has ariesble
low {u)e:» Which would confirm the classification as a dl.

Another galaxy classified as “S (dS)” is VCC-1086. In the ogitimage (left panel
of Fig. 3.36, one can see that it is strongly inclined and with the infations from
the structural parameters we are able to conclude that V@@e-i not a dwarf spiral,
since it has a too bright magnitude and a too high surfacétmégs compared to the
other star forming dwarfs of the sample. However, due to tleéination it is not
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possible to determine the exact type.

Within the class of the Sm galaxies, there is one galaxy ghaffset from the other

Sm galaxies. Thisftset for VCC-1554 is visible in the entire parameter-spadee T
visual inspection of the gri-image in the right panel of F&34 reveals a galaxy
with extended star forming regions, a bar-like structuré an irregular morphology.
Nevertheless, it has a very high surface brightness and aitndg assimilable to

early spirals. Thus, in the parameter-space VCC-1554 iaarfdin galaxy, but it is

also not an early spiral regarding its optical morphologye@o the above mentioned
problems a reclassification is not easily possible and wemask the galaxy with

a “pec” to indicate the peculiarity of this galaxy. In the mbological class of the

Figure 3.36: The “S (dS)” galaxy VCC-1086.

“unknown”, eight galaxies are in the region of the dls, thousytwere reclassified as
"dIl” by T. Lisker. There is one galaxy among these eight “uodms”, which optical
image (middle panel of Fig.37) shows a galaxy with an obvious starburst region. The
comparison with the BCDs reveals that tiogal parameters of VCC-0237 do only fit
to the parameters of the LSB-components, therefore, acadién to the BCDs would
not be sensible and the class of /BCD:” was used.

In the parameter-space, VCC-0031 has in common all pr@sewith the BCDs.
However, the optical image shows a red core in the centreeofyttiaxy. To check
the parameters of VCC-0031, it was analysed as a BCD. A fitdmther exponential
component of the surface brightness profile would requirenaer flatting of the
surface brightness profile and the (g-i)-colour profile alses not have the typical
slope as the other BCDs. Therefore, VCC-0031 is still cfeegbas “unknown”.

There is one formally classified unknown, which shares tmesproperties as the
BCDs (right panel of Fig3.37). Therefore, VCC-1411 is reclassified as a BCD and
was analysed and included in the BCD sample of Chdpter
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Four other unknown galaxies are classified as transitioesyjetween dl and BCDs,
indicated by “dIBCD” and were already discussed in Chajter

The only unknown galaxy left over after the revision of T.kas, corresponds to VCC-
0113. Using the informations from the (u-g)-(i-z)-diagratbecame clear that only
the dIs share the same location in F&21 In the parameter-space it also resides
in the same region as the dIs. Thus, VCC-0113 can be rectabsié a dl, however,
with some uncertainties due to the visible loops in the @ptrmage of Fig3.37(left).
Figures3.32and3.26show the averaged results of each morphological class. e fi

Figure 3.37: Galaxies initially classified as unknown (fréeft to right: VCC-0113,
VCC-0237 and VCC-1411).

bar (red) indicates the average from the VCC and the secan(blaak) the averaged
values using the classes after the reclassificaimhapplication of the GOLDMine
distances. As seen in the figures, the influence to the pagasnistminor but visible.

Table 3.3: The reclassification of the VCC galaxies.

VCC VCC-type GOLDMine New class
0015 Sa Sa Scd?
0020 unknown unknown dl
0030 unknown unknown dl
0085 unknown unknown dl
0113 unknown unknown dl:
0132 Sd Sd dl:
0135 SpeBCD SBCD Spe¢BCD?
0213 Sd/BCD? SBCD SBCD
0237 unknown unknown (BCD:
continued
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VCC VCC-type GOLDMine New class
0247 unknown unknown dl
0309 ImBCD Im/BCD dl
0320 S Sc(dS) dl:
0379 unknown unknown dl
0429 unknown unknown BCD
0446 ImBCD Im/BCD Im/BCD
0488 unknown unknown dl
0596 Sc? Sc(dS) Sc
0655 Spec,NBCD SBCD BCD: (Mrk-86 like)
0737 SdBCD? SBCD -
0848 Imlllpe¢gBCD  Im/BCD -
0989 Sc Sc (dS) dl
1086 S S (dS) S
1179 ImIl/BCD Im/BCD d/BCD
1237 unknown unknown BCD
1358 Sa Sa dE(bc)
1374 ImIl/BCD Im/BCD BCD
1411 unknown Pec BCD
1427 ImBCD: Im/BCD d/BCD
1515 unknown unknown dl
1554 Sm Sm Sm(pec)
1574 S ? S:
1605 Sd Sd Sd
1623 unknown unknown BCD
1685 Sd Sd Sd
1713 unknown unknown MCD
1804 ImIl/BCD Im/BCD d/BCD
1933 Sa Sm Sm?
1955 SpeBCD SBCD dE(bc)
1960 Imll/BCD? InyBCD d/BCD
2007  Imll/BCD: Im/BCD d/BCD
2037 ImIl/BCD Im/BCD dl

The reclassification of the VCC galaxies.
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Table 3.4: Comparison between certain and poss{ie} .
Type Certain o Possible o
BCDs -16.29 125 -16.39 1.11

dl -15.67 0.92 -1545 1.14
Sa -20.21 0.93 -1943 1.70
Sb -1999 114 -19.79 1.10
Sc -1891 1.24 -18.74 1.46
Sd -17.43 1.27 -16.95 0.65

Sm -16.88 1.18 -15.99 1.52

3.4.4 Dfiference between certain and possible cluster members

As mention in SectiorB.2.1 the membership of the Virgo galaxies is divided into
certain and possible members. However, this membershipatasiken into account
in diagrams of the last sections. The following TaBgl to 3.7 show the diferences
between the parameters of the certain and possible mentlreoss are given by and
deviation from the average. Morphological types withowt anssible member (e.g.
Amorphous) are not listed.

To calculate the averages of the parameters, the morploalogiasses after the
reclassification are used, as well as the distance infoomafrom GOLDMine.

The BCDs show no significant deviation between the certathpossible members,
except for the (g-i)-colours, which are slightly bluer faetcertain members.

The spiral galaxies from Sa to Sm show no majdfedtences between certain and
possible members. If there are anyfeiences in the parameters, then they are within
the 1o deviation of the averages.

These minor dferences of the certain and possible members in Tal#sto 3.7
retroactively justify the treatment as one group withouy aiferentiation in the
diagrams.

3.4.5 Comparison with semi analytical models

Semi analytical models (SAMs) are used to simulate the ¢oolwf galaxies, using
analytical recipes to dark matter merger trees. The resfilsur analysis of the
late-type galaxies was included in a studyWeéinmann et al(2011 using SAMs
from the study ofGuo et al.(2011). The SAMs ofGuo et al.(2011) based on the
models ofDe Lucia and Blaizo{2007) with some modifications to account for the
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Table 3.5: Comparison between certain and poss{Bg:) [kpc].
Type Certain o Possible o
BCDs 0.64 030 073 031

dl 1.48 0.72 1.68 1.55
Sa 257 1.22 215 0.88
Sb 280 133 2.09 1.18
Sc 238 140 2.09 1.12
Sd 224 1.37 153 0.34
Sm 141 065 089 043

Table 3.6: Comparison between certain and poss{iites i)) .
Type Certain o Possible o
BCDs 047 032 0.60 0.16

di 063 0.17 066 0.22
Sa 1.06 0.10 1.0/ 0.19
Sb 095 0.28 1.05 0.21
Sc 0.75 020 0.78 0.18
Sd 058 019 059 0.15

Sm 056 014 056 0.24

Table 3.7: Comparison between certain and poss{kie) .
Type Certain o Possible o
BCDs 21.08 1.04 2135 0.87

di 23.52 0.89 23.67 0.86
Sa 20.18 0.66 20.62 1.14
Sb 2059 081 20.11 101
Sc 21.25 0.77 21.14 0.90
Sd 2255 067 2249 0.34

Sm 2219 101 2216 0.77
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Table 3.8: Comparison between certain and poss{bl&).
Type Certain o Possible o
BCDs 0.64 020 061 0.18

dl 066 0.17 0.72 0.19
Sa 056 019 054 0.23
Sb 056 027 050 0.15
Sc 052 025 058 024
Sd 054 029 061 0.29

Sm 054 014 058 0.16

increased influence of theffects like SNe- and AGN-feedback or environmental
effects due to the shallow gravitational potential of the dvgmifaxies. In addition,
the SAMs of Guo et al. (2011 use the high resolution Millennium-II simulation
(Boylan-Kolchin et al.2009, which enables the investigation of dwarf galaxies down
to a stellar mass of 10"°M,. Furthermore, the disc sizes of the SAMs galaxies
are calibrated to fit the observation of 140000 galaxies ftoenSDSS byShen et al.
(2003, what makes a comparison with our sample possible.

In Fig. 3.38the black dots corresponds to the results of the SAMs anddlweied
points to the results of this study and additionally the itssaf Janz and Liskef2008);
Janz and Liske(2009. The overlap of our sample with the SAM predictions fit quite
well.

3.4.6 Comparison with the literature

A compilation of data from the literature is given by the stwd Graham and Worley
(2008 (hereafter GO8). The medians of the structural paramet&8 were given for
the diferent morphological types of spirals including irregulatexies (Irr in G08).

In this study the scale length h of thefférent types of spirals are given and can be
transformed Mo et al, 2010 into R via:

Rer = 1.67- h. (3.15)

The scale lengths of GO8 are given in the B and | band, therdfor éfective radii

in g and i of our sample are used for comparison. In Ba8the results of B are
summarised. Interestingly, there is a hugeallence between our results and the ones
of G08, which accounts for more than a factor of two. It haségbinted out that
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Figure 3.38: Comparison of our results of the late-type xgatawithin the Virgo
cluster with the SAMs oGuo et al(2011) (Courtesy: T. Lisker).

Equation3.15is valid for pure disc galaxies, therefore, in presence obmidant
bulge like in Sa galaxies, thetective radii are slightly underestimated. However, also
in systems with a low bulge-to-disc ratio (e.g. Sc or Sd),dtEerences between our
results and the ones of G08 are impressive. This finding i quizzling, since our
results fit well to the predictions of the SAMs of Secti®d.5and therefore also with
the calibration sample from the SDSSSffen et al(2003.
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Table 3.9: Comparison ofdg betweenGraham and Worle{2008 and our study.
Type Res [KPC]  Rerrg [KPC]  Rerr [kpc]  Rei [kpc]
(Graham) (our study) (Graham) (our study)

Sa 5.01 2.53 5.73 2.43
Sb 6.15 2.66 6.43 2.49
Sc 5.63 2.26 5.68 2.21
Sd 5.54 1.99 6.11 1.99
Sm 6.21 1.25 7.06 1.32
Irr 3.44 2.22 3.32 2.31
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3.5 Summary and outlook

In this chapter we analysed the structural properties ofdieetype galaxies within the
Virgo cluster. Within the parameter-space the results@pttotometry were compared
within the diferent morphological classes and outliers were investigatsore detail
and were cross-checked with the GOLDMine data base. If plessihese outliers
were reclassified and an updated version of the VCC was cdealée results of
the reclassification are particular interesting for futumesstigations, since new found
dE(bc)s can be the target for further projects to study fhasisible connection to other
dwarf galaxies, like BCDs.

We also found that there is no clear distinction between tigalaxies (dEs, dls,
BCDs) and low-luminosity spiral galaxies. This is parteuirue for the late spirals of
the morphological type Sc to Sm.

After the inspection of the structural parameters of the-tgpe galaxies within the
Virgo cluster, the question arises how these parametekgwalve with time and how
the descendants of today’s late-type galaxies will look.liko answer these questions,
we use the evolutionary synthesis models GALEWtlulla et al, 2009. Therefore,
the results of this section are the foundation of the nexi@®cwhich analyses the
evolution with time of the late-types and investigatesritpesssible connections to the
early-type Virgo population.
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Chapter 4 The evolution of late-type galaxies

In the prior sections the structural parameters of the Igtpe galaxies of the
Virgo cluster were derived. In this section the evolutiorthefse galaxies is
investigated and finally compared to the early-type galaggypation. For
this purpose the evolutionary synthesis models of GALEVised, which are
also able to account for the influence of the dense clusterament.

The results of this section will shed light on the possiblelw@ionary
connections between late-type and early-type galaxies.

This study will be timely published together with Thorsteisker and Ralf Kotulla.

4.1 Introduction: Transformation scenarios for turning late-type
into early-types

Several studies on the Virgo cluster revealed a number atsudiure (e.gBinggeli et al,
1985 1993 and a large variety in morphology, with a dependence of taetibn of
blue-to-red galaxies on the distance to the cluster centingch is expressed by the
morphology-density relatiorressley 1980. This substructure, as well as the variety
in morphology, could also be confirmed by the results of tlevipus ChapteB. As
expected, our results have shown that late-type galaxikes thom early-type galaxies,
but they have similarities too. Especially in the case ofliSB-components of BCDs,
there are striking similarities in the structural and pmogédric properties, making an
evolutionary connection between these two morphologigags possible. Naturally
the question arises, how the other late-types (e.g. spatakges) will evolve with time
and how they will look like in several billion years? Thus theestion is, whether
the descendants of today’s late-type galaxies have sipritaperties as the early-type
galaxies, which are observed in the Virgo cluster today?

When studying the evolution of galaxies it is crucial to taki® account &ects that
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influence the behaviour of galaxies. Since the galaxies pstudy are located in the
Virgo cluster, environmentalfgects like ram pressure stripping (RPS), starvation and
harassment play an important role in the evolution of Igfeetgalaxies.

When moving through the cluster, the inter stellar mediuBM) of the galaxies
interacts with the hot intra cluster medium (ICM). This iatetion removes parts or
the entire gas of the galaxies, which consequently will arilce the star formation
(SF) of these galaxies. In case of RR&EION and Gott1972 the entire gas reservoir
is removed from the galaxies on a very short time scale of allevMyr (Roediger
2009 and references therein). As a consequence the star fomatie (SFR) will
decrease very rapidly on a comparable time scale. As an dgaByselli et al.(2008
assumea time scale for the decrease of the SFR-df50 Myr. Simulations of RPS
have been applied to disc galaxiddadi et al, 1999 as well as dwarfsNlayer et al,
20086.

In the starvation scenario only the surrounding gas eneetd@a galaxy is removed,
but not the gas in the disc. Hence, the SF will not stop unél ttmaining gas is
exhaustedl(arson et al.1980.

The above described processes of RPS and starvation act gagireservoirs of the
galaxies due to the dense cluster environment. But alsontieeaiction among the
galaxies themselves has an influence on the evolution okigalaDue to high-speed
encounters between galaxies within the cluster, theayakthe stellar population
are disturbed. In the case of disc galaxies, the stellar migg become thickened
by the interaction with other galaxies. The scenario isechljalaxy harassment
(Farouki and Shapir01981;, Moore et al, 1996 Mastropietro et al.2005 and was
also applied to simulations of low mass dwarfs (e€apnzalez-Garcia et al2005
Smith et al, 2010.

Apart from the external processes, there are also procesges the galaxies itself,
which drive the evolution too. First of all, every galaxy lsimply evolve due to
the evolution of the stellar population, since the lifetiofestars is set by their initial
mass and metallicitySparke and Gallaghe2000. If a galaxy forms plenty of very
high mass statswithin a short time span - a so called starburst - then thess still
end up their lives by supernovae (SNe) explosions at alnmessame time. Due to
the simultaneous explosions of SNe in a small region withm galaxy, a galactic
wind may be formed, which is able to “blow out” gaseous matdrom the galaxies

1Of course, not only massive stars, but also low- and intefatednass stars are formed (seiial
mass functiorn Section4.2.3.
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(Dekel and Silk1986 Izotov et al, 1996 Heckman et a).2001). The loss of gaseous
material not only fects the chemical composition of the galaxy, but also deesethe
gas reservoir, which is needed to fuel the SF.

In summary, all the above describefieets remove gas from galaxies, resulting in a
decrease of the SF. Over the past decades it became cleant¢haitthe key parameter
in the evolution of galaxies is the star formation and then@the star formation history
(SFH). The SFH characterises the evolution of the SFR, wimc¢hrn describes the
amount of stellar mass formed within a year. The SFR is espes units of M /yr
and strongly depends on the morphological galaxy type. Gdwisbe explained by the
Kennicutt-Schmidt law, which describes a power law depandef the gas surface
density and the SFR of the galaxydhmidt 1959 Kennicutt 1998.

To model the evolution of galaxies and therefore the SFHersgvprograms and
codes were developed over the last decades. One of theseisd8ALEV (GALaxy
EVolution; Kotulla et al, 2009 2010 and forms the foundation of our here presented
study. GALEV models were successfully applied to the entimege of SFHs that
characterise the flerent morphological types of galaxies (eKyiger et al, 1997,
1995 Falkenberg et al2009 and are therefore ideally suited to our study.

4.2 Stellar population synthesis models

There are two approaches to model the spectrum of a stelardgtoon and therefore
also of a galaxy. The first approach uses a linear combinefistellar spectra to fit the
observation and is callestellar population synthesig he interpretation of the results
is limited to the actual observation and no predicationfiefavolution are made.

The second approach — teeolutionary synthesis modelstries to fit the observation
by the means of integrated spectra, colours or the specteayg distribution (SED)
of the galaxy and were first investigated insley(1968. Current examples for these
evolutionary synthesis models are the coded eigherer et al (1999 (Starburst99),
Bruzual and Charlof2003 (BCO03), Fioc and Rocca-Volmerangd997 (PEGASE),
Maraston(2005 and GALEYV, which is used in the here presented study. Inreshto
the stellar population synthesis, all evolutionary sysithenodels have to assume an
initial stellar mass functiofMF) and SFH, and are able to model the evolution of the
galaxy via stellar isochrones. The IMF describes the nurobstars that are formed
in a specific mass interval. Studies showed that stars arequatlly formed per mass
bin, but instead less massive stars are formed more oftemtlagsive stars. There are
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different IMF laws in the literature, whichftier in the slopes of the IMF and therefore
in the number abundance of star in certain mass bins (se®54@.3.

Thus, with the assumption (or knowledge) of e.g. the IMF aidH Df a stellar
population, we are able to investigate its evolution oveladnitrary period and are
able to make predications of the future of the stellar pdparia

4.2.1 Why GALEV?

GALEV (GALaxy EVolution) is an evolutionary synthesis codehich models the
evolution of galaxies over time. It was developed by Prof. rFritze and her group
at the University of Gottingen (Germany) and is maintaibgdhe GALEV-team. To
run GALEV models one can use a web interface at www.galevwigch provides
standard configurations, for instance star formation hissar Galactic extinction. To
apply more sophisticated configurations like modified SFsé® (Sectior.2.2 one
can also use a local installation of GALEV.

To calculate the time evolution of galaxies oftdrent types, GALEV models the
spectral evolution of a stellar population and the ISM at Haene time. The
foundation of the evolution of a stellar population in GALEYe the BaSeL libraries
of model atmosphere&éjeune et al.1997 1998 and the stellar evolutionary tracks
or isochrones from the Padova groige(telli et al, 1994).

The advantage of GALEV over other evolutionary synthesige® (Starburst99,
BC03 and PEGASE) is the inclusion of the chemical evolutibtne gas additionally
to the stellar population. The yields of the stellar pogolatare depending on
the metallicity, which is taken into account by GALEV modeisd is called the
“chemical consistent treatment”. The yields of the stefapulation are taken
from Woosley and Weavg1995 andvan den Hoek and Groenewegd®97) for the
different stellar mass ranges.

Also included are the contributions of the nebular emissioes and the continuum
of the young stellar population, which could contribute ap0-60 % to the total flux
(Anders and Fritze-v. Alvenslebe®003 and is therefore from particular interest for
our study.

GALEYV does not provide the magnitude irfldirent filters of a galaxy. It just provides
the SFHs and the spectra of galaxies dfatent types at a given time. To obtain the
magnitudes as a function of time for a given SFH, the subneutCOCOS” is used.
With the subroutine COCOS, also input parameters like thiaeion laws, attenuation
and filter systems enter into the analysis.
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To obtain the associated magnitudes in each filter of the mtiespectra are folded
with the requested filter curve. In the concrete case of tlmgkwthe filter curves of
SDSS are used, but others, like IR or UV filters, can easily theclhed. With the
subroutine COCOS one finally obtains the magnitudes for Baxhstep in each filter.
To emphasise again, no observational data is used at this g only theoretically
based models are used.

At the moment of writing, galaxies are treated by GALEV as eakd unit without
any spatial resolution and internal dynamics.

4.2.2 Input parameters

To model the evolution of late-type galaxies one has to ch@seasonable SFH.
There are several SFH laws in the literature, like the exptakedeclining SFR

which can be used for elliptical galaxies, or the below dégc exponential-

delayed. The exponential-delayed SFHs are parametrisea foymula given by

Gavazzi et al(2002, which was first introduced b$andag&1986 using the study
of Gallagher et al(1984):

SFR()=

5 ~exp(——2). (4.1)

T T

All of these exponential-delayed SFHs show an incréaééhe SFR up to the point
7 and then an exponential decrease with time (see &ij. Different values ofr
correspond to various SFHs of theffdrent spectral galaxy types. For instance, an
elliptical galaxy will form almost all its stellar mass witha short period of some
Gyrs (e.g.r < 1 Gyr), whereas spiral galaxies continuously forming stexl now,
but with different strength of SF(> 1 Gyr). Therefore, the value can be used as
indicator for the spectral type of the galaxy. With some tations, these spectral types
can be associated with the morphological tylka¢Arthur et al, 2004).
Figure4.1shows the SFH for diierent values for a galaxy with an initial gas mass of
M = 1-10"M,.

4.2.3 Starbursts and truncations

The SFH of a galaxy is not always a smooth curve as given bytieaqué 1, but could
show short periods of intense SF (starbursts). GALEV modsdsable to account
for these starbursts, which is particular important for BC@ruger et al, 1991,

2Negative values of will lead to increasing SFRs.
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Figure 4.1: SFHs for diierent sets of.

Kruger and Fritze-v. Alvenslebei994. The starburst was modelled by a gaussian
increase and an exponential decrease of the SFR. The $ti@ftge burst is given by
the burst parameter b, which is defined as

M. formed

b= Mose (4.2)
where M. fomed IS the total mass of stars formed during the starburst apd isithe
available gas mass at the beginning of the burst. For modéisanbursts, the burst
parameter was set to=0.1. That means 10% of the available gas is transformed into
stars. As shown by several studies, the starburst phenonoamoot last for more than
10’ yrs (Thuan 1991 Thornley et al, 2000, owing to the fact that the gas reservoir
in BCDs is limited. Therefore, the starburst in the modelals® limited to this time
scale.
Since the galaxies are located in the dense environmenteoYitigo cluster, there
are several mechanisms - ram pressure strippBwnt and Goit1972, harassment
(Moore et al, 1996 and tidal forceslayer et al,2001) - acting on the cluster galaxies
and which depend on the cluster centric radii. As commanalltthese mechanisms
remove gas from the galaxies and therefore reduce or treiticatSFR. Regarding to
the lifetime of a galaxy, the removal of gas in a cluster myoatits on very short time
scales. In the GALEV models the truncation of SFR is simuldtg a stop of the SF
at a given timeBicker et al, 2002, which is illustrated as a red line in Fig.2 In our
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models we assume that the SF stops today-atiB.7 Gyr. The decline of the SFR
due to RPS acts on very short time scales, therefore a dduiieescale of 150 Myr
(Boselli et al, 2008 was chosen.

At this point, GALEV provides the following initial mass fations (IMFs): Salpeter
(1955 andKroupa(2001). In the nearby future also the IMF @habrier(2003 will

be implemented, which accounts théfelient components of a galaxy (disc, bulge,
globular clusters). The IMF of Salpeter uses a power law @xbonenty = 2.35 for
the entire mass range, while the Kroupa IMF uses a brokenplawefor the diferent
mass regimes with various slopesg (= 1.3 for 0.1 <M < 0.5 M, anda, = 2.3 for

M > 0.5 M,). These two IMF-laws mainly ¢lier at the low mass slopes. For our
galaxies the IMF oSalpeter(1955 was chosen.

To correct the flux for reddening and extinction of the intelfar dust, there are two
extinction laws used by GALE\Cardelli et al (1989 andCalzetti et al(2000. Since
late-type galaxies with active star formation are in thepgoof this study, the extinction
law by Calzetti et al (2000 was chosen for the models. The dust physics in GALEV
is quite simple compared to other studies (&@llenhdf et al, 2006 Piovan et al.
2006ab), which use the two dimensional structure of the galaxi@sceSGALEV has
no spatial resolution and the galaxies are therefore tlemdeone dimensional units,
no assumption of the geometry of the galaxy is necessarghahiturn justifies the
simple dust approach of a constant value per galaxy.

The chemical abundance of each galaxy can be fixed to a consthre or the
evolution of the ISM and stellar population is modelled tothis second approach
is called “the chemically consistent treatmeri¥ideller et al, 1997).

After the determination of the appropriate SFH for each)xgalall galaxies can evolve
with and without any disturbance, respectively. As an tHaison for the evolution of a
galaxy with the diferent model parameters, Fi§2 shows the SFH for a galaxy with
7 =5 Gyr and an initial gas mass of M1 - 10'°M,, for an undisturbed (green curve),
a truncated (red line) and a starbursting (blue line) evaut

The spectral evolution of a galaxy is shown in g3, The figure displays the spectra
of the galaxy at dferent time stepst= 1 Gyr and § = 13.6 Gyr. The red spectrum
displays the galaxy after 1 Gyr and the green spectrum aBé Gyr. Obviously, the
flux of the galaxy decreases with time and the strong emidsiea disappear too. This
is intelligible, since the flux in the UV and blue regime of #pectrum is dominated by
young and massive stars, which have a very short lifetimepeawed to the intermediate
stars Green and Jone2004). Therefore, after the death of the massive stars, the
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Figure 4.2: SFH for an example galaxy with= 5 Gyr, an initial gas mass of M
1- 10, and three SF-modes: undisturbed (green line), truncatieah I{ne) and
burst (blue line).

light is dominated by the intermediate and low mass steld@ugation, which radiates
mostly at optical and infrared wavelength.

Up to this point we just work with theoretical models, but thain question is how
these models fit to the observations? To answer this queskiermodels have to be
transformed into observables, which was achieved by fglthe theoretical spectrum
of the galaxy with the desired filter system. In this studyfthier curves of the SDSS
(but other filter systems are also possible, like the oneskdD3S or HST) are used
to obtain the corresponding magnitude (here AB magnitud&shlin and Gilliland
2009 in a certain filter. The filter curves of SDSS and UKIDSS arereglarly over
plotted in Fig.4.3. The height of the filter curves corresponds to the througbpthe
SDSS telescope and illustrates the coverage of the usadsfikeem.

4.3 Fitting the observed SEDs with GALEV models

4.3.1 GAZELLE

The most important step is the fitting of the observed datah&omodels. The
finding of the best fitting model enables the investigatiortha time evolution of
the galaxies. This was done with the program “GAZELLE”, whigses a slightly
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Figure 4.3: Spectra of a model galaxy. Additionally ploteed the filter curves of the
SDSS (u, g, r, i and z) and UKIDSS (Y, J, H and K).

modifiedy? minimisation algorithmKotulla et al, 2009. As input parameters a set of
theoretical SFHs from GALEV, magnitudes from the obseoratiwith corresponding
photometric errors (see Equati@m), the preferred dust extinction law and a filter
system are used. The algorithm uses the following formula for the minimisatfon

2
n

2 _ Z Fimod — @ - Fiobs . (4.3)

- 2 2
! O-i,mod + O-i,obs

In this equation Fyoq and Fps correspond to the fluxes in thefiidirent filters i to n
of the model and the observations with the uncertaintiesrglvy(rfmOol and ‘Tfobs-
The uncertainties in the models are due to the limited kndgdeof the input physics,
like the IMF and incomplete stellar libraries. The drawlmokevolutionary synthesis
models due to incomplete knowledge of the input physicsearewed inConroy et al.
(2009, Conroy et al.(2010 and Conroy and Gunr§2010. At the moment a model
uncertainty otr? = 0.1 is assumed, independent of the used filter.

For our analysis one of the most important factorsyjswhich scales the model
luminosity to fit the observation. By scaling the luminosityalso scales the properties

like the mass and SFR of the corresponding galaxy.

3They? algorithm of GAZELLE is slightly modified from the classiodéfinition.
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The diferent distributions of thg? values are displayed in Fig.4for a galaxy with a
variable age (left) and fixed age of 13.7 Gyr (right). In owrdst we assume a constant
age of 13.7 Gyr to reduce the number of free parameters, wghalso supported
by observations of galaxies, where in almost all cases iborions of an old stellar
population can be fourid Due to the constant age, aff values are on a vertical line
on the right hand side of Figt.4. Colour coded are the fierent GALEV-models of
the grid - and therefore also theffdirent values of that are correlated to the spectral
galaxy type - which can be found in Tahl The model with the lowegt? value was
chosen as the best fitting model. Looking at Fgl, one also realises that the best
fitting values ofy? are below unity and not at unity, as one may expects. Thisés du
to the application of the uncertainties of the modg| , and the photometry?_,_ in
Equation4.4. The classical? would only uses the uncertainties of the photometry
a?., , leading toy? values close to unity. However, GAZELLE additionally uske t

i,obs’
uncertainties of the modedg%mod, which in turn leads to thg? values below unity.
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Figure 4.4:)? distribution of a galaxy with variable galaxy age (left) amadonstant
age of 13.7 Gyr (right). Colour coded are the model-numbecrsraing to Tab4.1

Figure4.5shows the spectral energy distribution (SED) for two gaaxin both cases
the galaxies were fitted with and without dust. The observiednd magnitudes of
the galaxies are the results of Chap8and are displayed via black data points in
Fig. 4.5. The horizontal bars indicate the FWHM of the correspon@m§sS filters.
Blue circles in the SEDs show the best fits to the observatidren dust extinction is
not taken into account, while the red circles belong to the@with dust extinction.
The diference between the SED with dust extinction and without atdange, but
not negligible. The models that include the dust extincfibthe observation sightly

4Even the age estimates of the most metal-poor BCD | Zw18 amaaoger the last years, making it
older with every new and deeper observation (édgint et al, 2003 Aloisi et al., 2007).
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better. It is also possible that for the same galaxffedent values ot are the best

fit for the case of extinction and no extinction. It also hadbéopointed out that the
extinction is not simply set to zero (see Equatibd), but instead we re-run the entire
fitting algorithm of GAZELLE to find the best fitting model. Iine just set the used
dust extinction for a model to zero, theffdirences of the observed and model SEDs
became quite large. For instance, in case of an edge-on, $pealiference isup to 1
magnitude within a filter.
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Figure 4.5: SEDs of two galaxies offterent types. Horizontal error bars correspond
to the width of each SDSS filter, while the vertical ones digghe photometric errors
of the data. Left: VCC-0024 (BCD); Right: VCC-0025 (Sc).

4.3.2 The grid

To model the observed properties of the galaxies, a modghgas created, using the
above mentioned input parametersvas chosen in the range o< v < 25 Gyr. The
study of Sandag€1986 assumed for the Sm galaxies a SFH that is rising with time
(their Fig. 10 b). Thus, in case of the “Sm” model an exporamticreasing SFR was
assumed withr = —4 Gyr in Equatiord.1(see alstMacArthur et al, 2004). Thist was
chosen to reach the minimal (g-i)-colours of the Sm galaxiesir sample. Sm-models
with 7 < —4 Gyr do not significantly dfer in (g-i)-colours from the = -4 Gyr model.
Therefore, we only include the Sm-model with- —4 Gyr.

For all models the chemically consistent treatment of thel I& the galaxy was
applied. Table4.1 summarised the used models with the corresponding input
parameters. The last model in the table was included as aertfac errors in the
fitting of the models to the observations. If no model matcteethe observation,
the last model in the list is automatically chosen as the-tiestodel. Therefore, we
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include a model of a massive and metal rich elliptical galatyich should not describe
the spectral properties of today’s late-type galaxies.sTlfta galaxy is fitted by the
elliptical model it pointed to a failure in the modelling.

To model the analysed galaxies, the grid should cover th&eerdnge of the
photometric parameters. Figudke6 shows the evolution with time of the (g-i)-
colours of the diferent models for an undisturbed evolution without any muter
tion. The black vertical line at 13.7 Gyr corresponds to the){colour of range
0.1 < (g-1i) < 1.2 mag of the observed late-type galaxies, without inclutiegBCDs
with their partially extreme blue colours. Except for theyweed (g-i)-colours of
(g-1) > 1.1 mag, the grid covers the entire colour-space of the lgie-galaxies.
Figures4.7 and4.8show the same models, but with an additional burst and ttiorga
respectively. The burst was not applied to every single mhodé only to models with
7 > 5 Gyr, which is typical for bursting dwarfs. It is also podsithat the BCDs are
in different phases of the starburst. For example, one BCDs pejngtpgnites the
starburst, while another is at the end of the starburst. &ibes, we applied dierent
starting points for the starburst - from 13.68 Gyr (20 Myr agp to 13.60 Gyr (100
Myr ago). The bursts are necessary to reach the extreme blaers of the BCDs
with their strong starburst. In the extreme case of VCC-1318 (g-i)-colour of the
entire galaxy reaches a value of{g) = —0.3 mag. Interestingly, the influence of the
starburst on the (g-i)-colour is minor 1 Gyr after the ondethe burst and is almost
invisible after the 2 Gyr.

The truncation was used to simulate the interaction betwleegalaxy and the ICM
of the cluster via RPS, resulting in a gas loss and a decrdédke 8F. The truncation
starts at 13.7 Gyr with a time scale®f,.. = 150 Myr (Boselli et al, 2008. Figure4.8
shows the time evolution of the (g-i)-colours of the modétsie applies a truncation.
Before the truncation sets in, theffdrence between the minimal and maximal (g-i)-
colour of the models iA(g — i) ~ 0.85 mag. However, after 2 Gyr theffirence of the
models became minimal with(g — i) ~ 0.3 mag. Thus, the application of a truncation
to the time evolution of the galaxies will bring all galaxi@so a narrow (g-i)-colour
region of 08 < (g —1i) < 1.1 mag.
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Figure 4.6: (g-i)-colour evolution with time of thefterent models. The vertical line
indicates the position of today £ 13.7 Gyr).

Table 4.1: Used model grid for GALEV.

Model-id Model name T Truncation Burst
[Gyr]  [Gyr] [Gyr]
model01 gavazzitau50e08CC 0.5 - -
model01 gavazzitaul0e09CC 1.0 - -
model02 gavazzitaul5e09CC 15 - -
model03 gavazzitau20e09CC 2.0 - -
model04 gavazzitau30e09CC 3.0 - -
model05 gavazzitau40e09CC 4.0 - -
model 06 gavazzitau50e09CC 5.0 - -
model07 gavazzitau60e09CC 6.0 - -
model08 gavazzitau80e09CC 8.0 - -
model09 gavazzitaulOelOCC 10.0 - -
model 10 gavazzitaul5e1l0CC 15.0 - -
model11 gavazzitau25e10CC 25.0 - -
model33 gavazzitau50e08CC truncl37e09 0.5 13.7 -
model22 gavazzitaul0e09CC. truncl37e09 1.0 13.7 -
model23 gavazzitaul5e09CC._truncl37e09 1.5 13.7 -
continued
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Model-id Model name T Truncation Burst
[Gyr]  [Gyr] [Gyr]
model24 gavazzitau20e09CC_truncl37e09 2.0 13.7 -
model25 gavazzitau30e09CC trunc137e09 3.0 13.7 -
model26 gavazzitau40e09CC truncl37e09 4.0 13.7 -
model27 gavazzitau50e09CC._truncl37e09 5.0 13.7 -
model28 gavazzitau60e09CC._truncl37e09 6.0 13.7 -
model29 gavazzitau80e09CC trunc137e09 8.0 13.7 -
model30 gavazzitaulOelOCC truncl137e09 10.0 13.7 -
model31 gavazzitaul5el0CC._truncl37e09 15.0 13.7 -
model32 gavazzitau25e10CC._truncl37e09 25.0 13.7 -
model34 gavazzitau60e09CC_burst20 6.0 - 13.68
model 35 gavazzitau60e09CC burst50 6.0 - 13.648
model36  gavazzitau60e09CC _burst100 6.0 - 13.60
model 37 gavazzitau80e09CC_burst20 8.0 - 13.68
model 38 gavazzitau80e09CC_burst50 8.0 - 13.648
model39  gavazzitau80e09CC _burst100 8.0 - 13.60
model40 gavazzitaul0elOCC burst20 10.0 - 13.68
model41 gavazzitaul0el0CC_burst50 10.0 - 13.648
model 42 gavazzitaulOelOCC_burst100 10.0 - 13.60
model43 Sm40e09 -4.0 - -
model44 elliptical fake - - -

The model grid.
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Figure 4.7: Same as Fig.6, but additionally a starburst was assumed in a subset of
the models.
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Figure 4.8: Same as Fig.6, but with a truncation at£ 13.7 Gyr.
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4.4 Results

4.4.1 The output

After the determination of the best fitting SFH and the coatioh with the SDSS
observation, GALEV gives plenty of output parameters, Whice summarised in
Tab.4.2 The dfsetsa of Equation4.4, which are applied to the models to fit the
observations, are particular important to model the tinedwgion of the galaxies. The
evolution of the magnitude M of the corresponding galaxy lsaralculated by:

M() = Mimod(t) = @ + [E(B = V)(t) - (SFRnod(t)/SFRubs- 10747) - Au(t)].  (4.4)

with the parameters of Tah.2

Since GALEV calculates the evolution of the magnitude forirgbut filters, we are
also able to investigate the evolution of théfelient colours, like the (g-i)-colours of
Chapter3.

Table 4.2: Output parameters from the GALIBAZELLE models.
Parameter Description

modk Best fitting model

age Age of the galaxy (held constant to 13.7 Gyr)

a Applied dofset to the model to fit the observations
Mot Total mass (gasstars) of the galaxy in units of M
Mstellar Stellar mass of the galaxy in units of M

Mgas Gas mass of the galaxy in units ofM

M non-vis Non visible mass of the galaxy in units ofM

Zgas Gas metallicity

SFRyps Best fitting SFR to the observation
SFRnod SFR of the model withoutfésets

M mod Magnitude of the model withoutffsets
Awm Dust correction

E(B-V) Applied extinction
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Figure 4.9: Distribution of the dlierent values of of the models for the Virgo sample.
The first bar (“fail”) includes all galaxies, where no appriafe model was found by
GAZELLE.

4.4.2 Number distribution of the galaxies among the model gd

Figure 4.9 shows the number distribution of thefidrent values ofr used by the
GALEV models. In most of the cases a model witk 25 Gyr was chosen (model-11
in Tab.4.1) . The right hand side of Figt.10shows the distribution of the fierent
morphological galaxy types within the= 25 Gyr model. In most of the cases this
model was used to fit galaxies of the type Sc, dl anfliEa class that is treated as
a subclass of the dls in our analysis and that correspondettdE/Im” class of the
VCC. Due to the relatively large value of(r = 25 Gyr) it is reasonable that most of

the dls are fitted with this model.

Figure4.11shows the (g-i)-colours as a function af As expected, there is a clear
trend forr < 15 Gyr of being redder with decreasimgwhich shows the connection

betweenr and the morphologicapectral type of the galaxies.
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Figure 4.10: Distribution of morphological galaxy typesthvi = 2 Gyr (left panel)
andr = 25 Gyr (right panel).

Figures4.12and4.13show the relative number of each morphological type from the
VCC as a function ot. The majority of the late-type galaxies in the sample avbal t
region of 6< 7 < 15 Gyr. In the regime of 1& 7 < 24 Gyr there is no models in our
grid, which therefore explains the gap in this region in Fgd2and4.13 In case of
the Sa galaxies, almost 50 % of them were fitted with 3.0 Gyr, but also about 5 %
were fitted with a quite large of 7 = 25 Gyr. Over 70% of the Sd galaxies were fitted
with 7 = 25 Gyr and the rest with < 25 Gyr.

4.4.3 Physical properties of the morphological types

Figure 4.14 shows the average total masses of thiéedent morphological types of
the sample. The most massive galaxies in Bid4 are the early spirals of type Sa
to Sc with My ~ 7 - 101°M,. The late spirals (Sd and Sm), together with the loosely
classified type of S galaxies, have significantly lower agedttotal masses in the range
0f 5.5-10° < Myt < 9.5- 10°M,,.

The unknown and dI galaxies have the lowest averaged totd nfahe entire sample
with Myo; < 2 - 10°Mo.

The BCDs have an averaged total mass qf; M5.5- 10°M,, similar to the Sm
galaxies.

Other output parameters, like the gas metallicity, do nalesavith the luminosity.
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Figure 4.11: (g-i)-colours of the model galaxies vs. the bigsg value ofr.
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Figure 4.12: Relative number of thefidirent morphological types from Sa to Sm
vs. the best fitting value af.

144



0.7 T

ol
Amorph ==
Sm —
06 L unknown |
05 b
0.4 g
=z
2
03 |
02 b
0.1 b
I |1 | [ !

0 2 4 6 8 10 12 14 16 18 20 22 24 26
T [Gyr]

Figure 4.13: Same as Fig.12 but for the Sm, dI, unknown and Amorphous galaxies.
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Therefore, all galaxies with the samevill also have the same metallicity. Figu4el5
shows the evolution with time of the gas metallicity for a sktlifferent values ot
for an undisturbed and truncated evolution, respectivalyhe case of an undisturbed
evolution, the metallicity of the models with> 5 Gyr gradually increases, while for
the truncation the models with> 5 Gyr and ages of + 13.7 Gyr show an almost
constant metallicity due to the cease of the star formation.

Figure4.17 shows the mass-metallicity relation of the sample. The arediasses
are calculated within each metallicity bin, while metaties with Z > 0.031 are
summarised into one bin. As one can see, the most massivaagklso have the
highest metallicity and vice versa in case of the low-ma$axigs, as expected from
the observations and theory (e.g.Tremonti et al. 2004). Additionally shown in
Fig. 4.18is the stellar mass M. (left) and the metallicity Z (right) as a function
of . Fort < 5 Gyr the stellar mass remains almost constant, while thalhwoéty
increases withr. Fort > 5 Gyr both parameters decrease, which again reflects the
behaviour of the mass-metallicity relation and shows theeation between and the
spectral galaxy type.

4.4.4 Colour-colour diagram

Figure4.19shows the colour-colour diagram of the sample galaxies booea with
the theoretical evolutionary tracks of the model colouran@mly for some galaxies
are also shown the representative error bars of the photamEhe red lines in the
diagram correspond to the evolution with time of the colasing the diterent models
without the application of dust reddening. The current gaiat of the models at 13.7
Gyr is indicated by a big black data point. In the figure, thiéedent values ot are
colour coded. The green data points correspond to galak&sate fitted with the
“Sm-model”.

Data points that are not located in the regions of the bulkhef galaxies have
relatively large errors. Since the errors of photometryeeimto the fitting routine
of GALEV/GAZELLE, the results for these galaxies should be handl¢d eare. A
check of the galaxies with large error bars reveals mosigxges classified as dl with
low S/N.

As one can see, observational data points with (u> 1.75 mag are mostly fitted by
models withr < 6 Gyr and vice versa for galaxies with {ur) < 1.75 mag, which are
fitted with models withr > 6 Gyr. This behaviour shows again the connection between
7 and the spectral galaxy type.
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Figure 4.14: Mass distribution of theftBrent morphological types. For all galaxies a
constant distance of 16.5 Mpc was applied.
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Figure 4.15: Evolution of the gas metallicity of an undisten galaxy for dierent
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Figure 4.16: Same as Fig.15 but for a truncation.
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median values and therldeviations of the galaxies sample within the corresponding
metallicity bin. The horizontal line corresponds to thessahetallicity.
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in Fig. 4.17, the horizontal line corresponds to the solar metallicity.
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Figure 4.19: (u-r)-(gi) diagram. Shown are the colours &f tlvserved galaxies and
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evolution of the diferent models and the big black data points display the cslotur

the models at 13.7 Gyr (today), without the application of afisets. Colour coded
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4.45 The time evolution of the CMDs

Figures4.20to 4.26 show the CMDs of the sample galaxies affelient time steps
from 13.7 Gyr to 15.7 Gyr in steps of 0.5 Gyr. Additionallyettample of ETGs from
Janz and Liskeg2009 is shown for comparison (black data points). The upperIgsane
of each morphological type show the undisturbed evoluticthout any interaction
with the cluster, while the lower panels show the evolutiothvan applied truncation
starting at 13.7 Gyr and a truncation time scale of 150 Myr.

In case of the truncation most of the late-type galaxieshigligtinct lines after 2 Gyr
—e.g. at(g-1) =0.78 mag and (g i) = 0.95 mag in case of the BCDs. This atrtificial
behaviour can be explained by the time evolution of the {gpipurs in Fig.4.8. For
instance, the dierence of today’s colours for a model with= 6 Gyr to a model with
T=8Gyris (g—1i) = 0.2 mag. However, after 2 Gyr theftBrence between these
two models is almost negligible with ¢gi) = 0.05 mag. Even though modelled with
different values of, these galaxies will share the same region in the colourespac
The evolution of the CMDs of the BCDs is shown in Hg2Q The upper panels show
the undisturbed evolution of the BCDs. In contrast to theebthorphological galaxy
types, the BCDs are fitted with models that have additionedtsusuperposed on the
SFH (see again Figt.2). To account for the diierent phases of the starburst, the onset
of the starburst varies from 13.60 Gyr to 13.68 Gyr.

Due to the star formation of today’s BCDs, they have bluei){gplours than the
comparison sample of the dEs. Even after 2 Gyr of undistugwetution the BCDs
have on average bluer (g-i)-colours than the dEs, indigdtia ongoing star formation
in most of the BCDs. However, for the undisturbed evolutibthe BCDs, there are
about eight BCDs after 2 Gyr that share the same region in CMbadEs.

If the SFR is decreased due to the truncation, which stati@ytdhe resulting CMD
after 2 Gyr looks quite dierent. Two Gyr after the truncation, the colours of the BCDs
are in the same region as the dE population. However, thedfuhe evolved BCDs
are still slightly bluer than the dEs (see also discussicbtapter?).

The dlIs in Fig.4.21 show almost the same behaviour as the BCDs. On average the
dis have bluer (g-i)-colour after 2 Gyr of undisturbed evimn, while in the case of
a truncation most of the dis are located at three distinessliat (g-i30.79 mag, (g-
1)=0.87 mag and (g-§0.90 mag. These lines are well located within the region ef th
dEs.

The undisturbed evolving spiral galaxies in Figs22 to 4.26 show only a weak
evolution in the CMDs. This can be explained by the usage mgelavalues ofr

152



-24

-22

-20

-18

M, [mag]

-16

14

-22

-22

-20

-18

M, [mag]

-16

-14

-12

24

-22

-20

-18

M, [mag]

-16

14

-22

-22

-20

M; [mag]

-18

-16

14

-12

ETGs
BCD (0.0 Gy -

BCD (0.5 Gyn

BCD (1.0 Gyn

tH:

BCD (1.5 Gyr) BCD (2.0 Gyr) 02 04 06 08 1 12 14
(g-) [mag]
02 04 06 08 1 12 140 02 04 06 08 1 12 14
(g-) [mag] (g-) [mag]
ETGs BCD (0.5 Gyn BCD (1.0 Gyn
BCD (0.0 Gyn) -
BCD (1.5 Gyr) BCD (2.0 Gyr) 02 04 06 08 1 12 14

=

02 04 06 08 1 12 140
(g-i) [mag]

02 04 06 08 1 12 14
(g-i) [mag]

(g-i) [mag]

Figure 4.20: Evolution of the BCDs (red data points) dfetent time steps of the
GALEYV simulation. Upper panel shows the undisturbed ewotytwhile the lower
panel displays the evolution with a truncation at 13.7 Gyre €volution of the galaxies
is shown in time steps of 0.5 Gyr, starting from 1.3.7 Gyr (today) up to+ 15.7 Gyr.
For comparison the results danz and Liskef2009 for Virgo ETGs are shown in
black data points.
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Figure 4.22: Same as Fig.20Q but for the Sa galaxies.
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by GAZELLE. If the SFR is almost constant over the next 2 Gyrlarge variations
in the colours can be expected.

The evolution of the spiral galaxies in the case of the trtinnas more obvious. It
can also be seen in Figé.22to 4.26that the changes in the CMDs from 13.7 Gyr to
14.2 Gyr are very prominent, while the evolution from 14.2r &y15.7 Gyr is minor.
This is reasonable, since the truncation time scale is chtsde very short with
Trune = 150 Myr. When the star formation stops due to the lack of daes massive
stars will end up their life on a short time scale of severdliom years, what in turn
will redden the integrated colours of the galaxies due todbtminance of the still
remaining intermediate and low-mass stars.

In case of the Sa galaxies, one might have the impressiorstima¢ of the galaxies
became bluer after the truncation starts. The reason f®@b#haviour can be found in
Equation4.4 and in the colours of the used model grid for the truncatiorhewthe
truncation starts, the SFR of the model will decrease anetbee also the third term
in Equationd.4 with the extinction will become less important. Thus, the)¢golour

of the model grid only reaches a maximum of (g4)1 mag (see Figd.6) and with
that almost all Sa galaxies will gather around this (g-ileco in the lower panel of
Fig.4.22

The brighter truncated Sb galaxies (M -19 mag) are on average redder than the
faint Sb’s and are also located in the same region as the EnG&yi 4.23 The
opposite is the case for the truncated Sc galaxies in4&Ryt The most brightest
Sc’s (My < —20.6 mag) also have the bluest colours of (g-0).78 mag. Sc galaxies
with (g —1i) > 0.79 cover the same region in the CMD as the dEs, while for gesaxi
with (g-1)=0.79, only the faintest ones (M- —16 mag) share the same region.

The lower panel of Fig4.25shows the evolution of the Sd galaxies in the case of a
truncation. The Sd galaxies can be found in the region.0® @ (g — i) < 0.95 mag
and M > —18 mag, with one exception at (g=}.06 mag and M= -184 mag. All
Sc galaxies with (g-1) > 0.9 mag are located in the same regime as the dEs. At a
colour of (g-ix=0.79 mag, only the faintest galaxies (M —17 mag) match with the
dEs. However, all Sc galaxies are well within the @eviation of the dEs.

The Sm galaxies with a truncation show the same behaviolresSd galaxies. In the
CMD, they are clearly in the same location as the dEs aftarracated evolution of 2
Gyr (Fig.4.26).

The loosely classified S galaxies are shown in @7 The evolution of the
undisturbed and truncated S galaxies is less, thus one catude that the galaxies
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have been modelled with a low gas mass fraction.

Figure 4.28 displays the evolution of the Amorphous and unknown gataweéhin
the CMD. After the truncation, the two unknown galaxies héneesame (g-i)-colour
((g-)=0.86 mag) and also the same magnitudes with values cf 4.3 mag and
M, = 14.6 mag after 2 Gyr. In the class of the Amorphous galaxies, ¢oiytwo
galaxies a significant influence due to the truncation carbiserwed. Four out of five
of the truncated Amorphous galaxies are well located in #meesregion as the dEs.

Figures4.29and4.32show the average r-band magnitudes and colours of tferelnt
morphological types after an evolution of 2 Gyr. The avesagethe left hand side of
the figures are for the undisturbed evolving galaxies, withemy interaction. The
right hand side of the figures show the averages after 2 Gyr thi¢ application
of a truncation at,,c = 13.7 Gyr. Additionally plotted are the averages of today’s
early-type galaxy population, subdivided into the conttibn of the entire population
(ETG), dEs, dE(bc) and dEs with a disc structure (dE(Hisker et al, 20061).
Regarding the magnitudes, the morphological types of S&arade on average bright-
er than the entire ETG population for both (undisturbed anddated) evolutionary
scenarios. We also found that the Sa galaxies have too redirsotompared to
the ETGs, which may seem disconcerting. In this case, onachtke care about
the calculation of the averages, since the ETGs do not fall@enstant (g 1) — M,
relation in the CMD, but show “S”-shape slope (Semz and Lisker2009 in the way
that fainter dEs are bluer than the bright ellipticals. Hfere, the results of the Sa
galaxies are not in contradiction with other observations.

The Sd and Sm galaxies show a large overlapping region wghBRGs for an
undisturbed evolution after 2 Gyr. With an additionally rication, the r-band
magnitude and (g-i)-(u-r)-colours are in an even betteeagent with the ETGs.
However, the (i-z)-colours, which are most sensitive totfeallicity, show significant
differences to the ETGs. The ETGs have lower (i-z)-colours i~ 0.13 mag)
compared to the undisturbed Sd and Sm galaxies £ji~ 0.21 mag), but these (i-
z)-colours are within the & deviation of the ETGs. In case of a truncation the Sd
and Sm galaxies still have higher (i-z)-colours{() ~ 0.18 mag) than the ETGs, but
the diferences are now less prominent. Thegkedences in the (i-z)-colours are also
visible for all other late-type galaxies in both evolutiopacenarios in Figd.32

After 2 Gyr of undisturbed evolution, the dis are bluer andlgly fainter than the
ETGs. The diference in magnitude become even larger, when a truncatappiged.
Thus, the dIs are on average fainter than the ETGs, but witlvarkap region regarding
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Figure 4.23: Same as Fig.2Q but for the Sb galaxies.
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Figure 4.24: Same as Fig.20Q but for the Sc galaxies.
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Figure 4.25: Same as Fig.2Q but for the Sd galaxies.

160



M, [mag]

M, [mag]

M, [mag]

M; [mag]

24

-22

-20

-18

-16

14

-22

-20

-18

-16

-14

-12

24

-22

-20

-18

-16

14

-22

-20

-18

-16

14

-12

ETGs Sm (0.5 Gyr) Sm (1.0 Gyr)
Sm (0.0 Gyr)
g = =
Sm (1.5 Gyr) Sm (2.0 Gyr) 02 04 06 08 1 12 14
(g-i) [mag]
02 04 06 08 1 12 140 02 04 06 08 1 12 14
(g-i) [mag] (g-i) [mag]
ETGs Sm (0.5 Gyr) Sm (1.0 Gyr)
Sm (0.0 Gyr)
s
Sm (1.5 Gyr) Sm (2.0 Gyr) 02 04 06 08 1 12 14
(g-i) [mag]
02 04 06 08 1 12 140 02 04 06 08 1 12 14

(g-i) [mag]

Figure 4.26: Same as Fig.2Q but for the Sm galaxies.

(g-i) [mag]

161




M, [mag]

M, [mag]

M, [mag]

M; [mag]

24

-22

-20

-16

14

-22

-20

-18

-12

24

-22

-20

-18

-22

-20

-16

14

ETGs S (0.5 Gyr) S (1.0 Gyr)
S (0.0 Gyr)
S (1.5Gyn) S (2.0Gyn) 02 04 06 08 1 12 14
(g-) [mag]
02 04 06 08 1 12 140 02 04 06 08 1 12 14
(g-) [mag] (g-) [mag]
ETGs S(0.5Gyr) S0 Gy
S (0.0 Gyr)
S (1.5 Gyr) S (2.0Gyn) 02 04 06 08 1 12 14
(g-i) [mag]
02 04 06 08 1 12 140 02 04 06 08 1 12 14

(g-i) [mag]

(g-i) [mag]

Figure 4.27: Same as Fig.20Q but for the S galaxies.
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Figure 4.28: Same as Fig.20 but for the unknown and Amorphous galaxies.

ETGs Amorphous (0.5 Gyr) Amorphous (1.0 Gyr)
Amorphous (0.0 Gyr) unknown (0.5 Gyr) unknown (1.0 Gyr)
unknown (0.0 Gyr)
L . o
Amorphous (1.5 Gyr) Amorphous (2.0 Gyr)
unknown (1.5 Gyr) unknown (2.0 Gyr) 02 04 06 08 1 12 14
(g-i) [mag]
0 02 04 06 08 1 12 140 02 04 06 08 1 12 14
(g-i) [mag] (g-i) [mag]
ETGs Amorphous (0.5 Gyr) Amorphous (1.0 Gyr)
Amorphous (0.0 Gyr) unknown (0.5 Gyr) unknown (1.0 Gyr)
unknown (0.0 Gyr)
o o i
e s
Amorphous (1.5 Gyr) Amorphous (2.0 Gyr)
unknown (1.5 Gyr) unknown (2.0 Gyr) 02 04 06 " 08 1 12 14
(g-i) [mag]
0 02 04 06 08 1 12 140 02 04 06 08 1 12 14

(g-i) [mag]

(g-i) [mag]

163




-21 -21

2.0 Gyr, undisturbed =—e— 2.0 Gyr, truncation =—e—
dE -~ dE -
dE(be) -~ dE(be) - -
20 . 20 t
19 + . 19 t
18 . -18 t
i< i<
& &
=3 =3
-16 . -16
15 + . -15 +
-14 1 14 +
-13 -13
DR A 70)0"0407 @OOO& O{%‘(\)‘O B BN Y 97 @000{0 08}6\»0
s 0, © %% %
%, % Y,

Figure 4.29: Average values of the r-band magnitudes aftyravith an undisturbed
(left) and truncated (right) evolution, respectively. &rbars indicate thedt deviation.
In case of the ETGs, dEs and dE(bc)s the averages of todagsigmare used for
comparison. The red and blue lines correspond to the aveddglee dEs and dE(bc)s.
Also shown in a pink bar are the averages of dEs in which disa® wlentified by
Lisker et al.(20060 (so called dE(di)).

the 1o deviations.

In the case of the “unknown”, “S” and Amorphous galaxies, givgn average dters
from the small number of galaxies within the bin. Additidgathese types are only
loosely classified and do not belong to the standard schethe aiorphological types.
Therefore, these three morphological types will not beudet into the discussion
about the possible progenitors of early-type dwarf gakaxie
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Figure 4.30: Same as Fig.29 but for the (g-i)-colours.
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Figure 4.31: Same as Fig.29 but for the (u-r)-colours.
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Figure 4.32: Same as Fig.29 but for the (i-z)-colours.
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4.4.6 The evolution of the surface brightness profiles

As seen in the last section, the r-band magnitudes and thec{deurs of some late-
type galaxies fit very well to the parameters of the dEs, ifuamdation is assumed.
However, the matching of these two parameters does not ithalty late-type and
early-type are structurally similar. Therefore, the irtigegtion of the evolution of the
effective radius Br and the mean surface brightnéss,; is of particular interest.
Since GALEYV has no spacial resolution, itis not possiblarigady derive the evolution
of Rer and(u). Therefore, we divided every galaxy into four regions with,d.0,
1.5 and 2.0 half light semi-major axig ain r-band (see Figd.33. The shape of the
galaxy (&, ellipticity e and position angle p.a.) was determined by using the method
described in Chapteé3.2.4

The diferent fluxes of the galaxy were measured within the areaith the limiting
radiiR_; and R (i= 1...n). Using the corresponding magnitude of the argarfl the
radius

’ (R + R'—l)

=7

a surface brightness profile (SBP) was created and for siitypthis SBP was fitted
by an exponential law with Sérsic-indexp£1:

(4.5)

1/
u(R) = po + 1.086- (a) , (4.6)

with the central surface brightnegsand the scale lengil. This exponential fit was
used to obtain a first-order approximation of the change HfaRd (u); due to the
different evolutionary scenarios.

The surface brightness of the aregafthe radius Rwas calculated with the following
equation:

wi(R) = m +25-log|x - (R? - R?,)|. (4.7)

with the magnitude nof the area A

The magnitudes of each areg W the five SDSS filters are then used as input
parameters for a new GAZELLE run to simulate the evolutiothefmagnitudes within
the diferent areas A using the model grid of Takl.1 As a result we obtain the
evolution of the SBP at the fierent radii R. The new profile was again fitted by an
exponential law withy=1, resulting in new values of the central surface brightpgss
and the scale length of the linear fit at diferent times, ranging from 13.7 Gyr (today,
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t=0 Gyr) to 15.7 Gyr &2 Gyr). For all galaxies we simulate the undisturbed evotuti
and the evolution with a truncation.

Usingue and a Sérsic-index af=1, we are able to derivg); , at different times, with
several equations given {Braham and Drivef2005:

(Werts = pe — 0.699 (4.8)

with effective surface brightnesg, at Ry, defined as:

Ue = Ho + 8.327. (4.9)

To calculate Ry, we used the scale lengthof the SBP and the formula

Rer = 1.678- a, (4.10)

what finally leads to the total magnitude,pof the entire galaxy:

Mot = (e, — 2.5+ log (2 - RG; - Vb/a). (4.12)

The axis ratio fa was used to account for the elliptical shape of the galaxiyveas
determined in the course of Chap8&r

Figures4.34and4.35show the evolution of the SBPs of two galaxies (VCC-0004 and
VCC-0017) within several time steps and evolutionary saesaThe red data points
in the figures display the surface brightness #fedent radii R of the galaxies, which
was measured from the observations. The blue lines comésgolinear fits to the
SBPs for an undisturbed evolution after 2.0 Gyr. In conttaghis, the black lines
show the SBPs after 2.0 Gyr with an applied truncation. THleence to the SBP of
an undisturbed galaxies is minor, resulting in a minor cleaimgRy;. The increase
of the SBP can be explained by the ongoing SF, which in caskeoStn-model will
increase over the next 2.0 Gyr.

In case of the truncation the change of the SBP is considerdlile central surface
brightness changes from. go0s = 22.0 magarseé (uo; 0017 = 22.1 magarseé) for the
present SBP tQuo: oo0s = 23.0 magarseé (uo: oo17= 23.1 magarseé) for the SBP
in 2.0 Gyr with a truncation. Therefore, (R changes from R: o004 = 0.82 kpc
(Refr: 0017 = 1.38 kpc) t0 Ry 0004 = 0.87 kpc (Re: 0017 = 1.54 kpc). A summary of the
results of each galaxy can be found in Tél6 of the appendix.

SNote that themean gective surface brightnesg);, and theeffective surface brightnesst Ry
are diferent quantities.
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Table4.3 shows the median variation ofRin kpc for an undisturbed evolution and a
truncation, respectively. For each morphological type riedian variation of g was
calculated. Also displayed are the fleviations from the medians. It has to be pointed
out that the deviation are large and therefore any inteapogt has to be treated with
caution.

After 2.0 Gyr of an undisturbed evolution, the BCDs show gltly decrease of i

of 3.9 %. If we apply additionally a truncation of the SFR, 8€Ds became larger
and therefore R increases by 12 %.

In case of the dlIs, theflective radius remains almost constant for an undisturbed
evolution after a period of 2.0 Gyr. Using the truncationreoe, Ry increases by
about 19.4 %. However, therldeviation is large with 13.4 %.

In contrast to the star forming dwarf, the spiral galaxiesvgl diferent behaviour in
the evolution of the fective radius. The undisturbed spirals of type Sa, Sc and Sd
show almost no change ingR while the Sb galaxies increase by6%. In case of
the undisturbed Sm and “S” spirals, the change dpn iR negative, meaning thatyR
decreases by -7.1% and -6.1%, respectively.

If we apply a truncation to the spiral galaxies, the typesiff®a to Sb show an opposite
behaviour than the BCDs and dls, in a way that B getting smaller by -3.7% and
-7.9%, respectively. In contrast to this, the change gf r the Sc, Sd, Sm and
S galaxies is positive and in the order of a few percetitO(%). This behaviour is
reasonable for the early spiral galaxies of type Sa and Sé,taluhe existence of
the prominent red bulge in the centre of the galaxy and theosnding blue disc.
Therefore, GAZELLE modelled the bulge with a smglivhich has almost no gas and
an old stellar population, while the disc is modelled witlgkx values of. As a result,
the colours of the gas abundant discs are mfieeted by the truncation than the inner
bulge regions, which in turn explains the decreasednd® the early spiral galaxies.
The Sm galaxies show a similar evolution qf;Ras the star forming dwarfs, especially
in case of the BCDs. The radius of the undisturbed Sm galaleescases by -7.1%,
but increases by 5.2% for the truncated evolution. Thisltésuthe evolution of R
for the Sm galaxies is expected, since they have similargrtigs as the star forming
dwarf galaxies.

The “unknown” galaxies show a slightly change igzRn case of an undisturbed
evolution, but show the largest change qf; Rf the entire morphological sequence,
with 28.9 %. However, it should be kept in mind that theseltesue based on only a
small number of galaxies, which could strongly influencestagistic.
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The dfective radius of the Amorphous galaxies is almost constarar undisturbed
evolution and is only noticeable in the fourth post decimasipon. In case of a
truncation, Ry increases by 13.5%. But as already mentioned for the S anaowrk
galaxies, these findings only have a low number statistic.

In Tab. 4.4, the median variations ofu);, are shown in the same manner as for
Tab.4.3. In this table a negative change {m); , implies an increase of the surface
brightness (SB) and vice versa for positive changes.

The BCDs show a small decrease of the surface brightnessh&undisturbed
evolution, while in the case of a truncation the SB decrehgedout 0.9 magarcseé.
The dIs show an opposite behaviour, with an increase of théoEBe undisturbed
evolution by about -0.6% and a decrease by 3.5% in case ohedtion.

The SB for the spirals of type Sa and Sb decreases for an urskst evolution, while
the SB for Sc, Sd, Sm, S and unknown galaxies increases, apdversa for the
truncation. Overall, the ¢lierences between the SB of an undisturbed and truncated
evolution are minor — in all of the case below 1 niagseé — for all morphological
types.

Figure4.36 compares the results of the SBP analysis of tlEedint morphological
types and in addition the results of today’s dEs, dE(bc)$z&and LSB-components
(see ChapteR) are shown. To obtain the change of th&eetive radius and mean
effective surface brightness of today’s late-type galaxies tduthe undisturbed and
truncated evolution, we use the information of Ta#hs3 and 4.4, and applied the
percentage terms of the changes of tifeative radius ARs;) and mean #ective
surface brightnessA((u);,). For instance, the dls within the Virgo cluster have an
average observedfective radius of B = 1.6 kpc and change their radius after 2 Gyr
due to a truncation by about 19 %, which in turn results in a effective radius of

ReﬂiZGyr,trunc =19 kpc.
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Figure 4.33: Schematic division of the SBP.
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Figure 4.34: Evolution with time of a SBP of galaxy VCC-0004.
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Figure 4.35: Evolution with time of a SBP of galaxy VCC-0017.
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dEs, dE(bc)s and LSB-components are displayed, but witioptime evolution.
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Table 4.3: Change of R after 2 Gyr for undisturbed evolution and evolution with

truncation.
Type Number AReff,ZGyr[kpC] O-[%] AReﬂf,ZGyr,trunC[kpC] 0-[%]

BCDs 33  -0.021(-3.9%) 5.046 0.064(12.0%) 6.061
Im 87  0.005(0.4%) 11.095 0.260(19.4%) 13.394
Sa 35  0.008(0.3%) 19.846 -0.167(-6.0%) 17.507
Sb 17  0.125(5.8%) 21.617 -0.206(-9.7%) 19.842
Sc 79  0.029(1.3%) 19.456 0.043(1.9%) 16.970
sd 21 0.000(0.0%) 12.180 0.204(9.6%)  11.380
Sm 26  -0.116(-7.1%) 10.255 0.085(5.2%)  10.898
S 5  -0.087(-6.1%) 10.872 0.054(3.8%)  10.245

unknown 3 0.046 (8.6 %) 3.993 0.153(28.9%)  6.924
amorph 5 0.000 (0.0%) 7.247  0.247 (13.7%)  7.033

Table 4.4: Change ofu); after 2 Gyr for undisturbed evolution and evolution with
truncation.

Type Number A </J>eff,2Gyr o A <,U>eff,ZGyr,trunc o
BCDs 33 0.122 (0.6 %) 1.342 0.915(4.3%) 1.316
Im 87 -0.151 (-0.6 %) 0.891 0.830(3.5%) 0.950
Sa 35 0.294 (1.4%) 0.720 -0.033(-0.2%) 1.042
Sb 17 0.143(0.7%) 0.728 -0.305(-1.5%) 1.078
Sc 79 -0.018 (-0.1 %) 0.762 0.230(1.1%) 1.021
Sd 21 -0.085(-0.4 %) 0.504 0.615(2.7%) 0.740
Sm 26 -0.290 (-1.3%) 0.912 0.603 (2.7 %) 0.986
S 5 -0.087 (-0.4 %) 0.831 0.302(1.4%) 0.841

unknown 3 -0.119(-05%) 1.733 0.631(2.7%) 2.130
amorph 5 0.175(0.9%) 1.245 0.188(0.9%) 1.201
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4.5 Discussion

4.5.1 Classification by models

In Chapter3 the galaxies were reclassified based on their morphologyletiibution

in the parameter-space. In Fi§12 there are four Sa galaxies that are modelled with
T =25 Gyr. This value ofr is relatively large for Sa galaxies, since they commonly
formed their stellar content within the first GyiSgndagel 986 Gavazzi et al.2002.
Interestingly, when using the number distribution of therpimlogical types based
on the original morphological types of the VCC, then alsoaiaissified galaxies are
included, which in turn should be noticeable in the resulthe SEDs. Apart from the
check of the classification with the results of the photogete are now able to check
the classification on the basis of the SED fitting routine.

In the course of Chapt&; three out of four conspicuous Sa galaxies were reclassified
as Sc, Sm and dE(bc), respectively. This finding is also stiegby the analysis of the
SED fitting. For example, the SED of VCC-0015 on the left haiole ®f Fig.4.37—
which was initially classified as Sa galaxy by the VCC and GMibe — shows large
differences from the SEDs of other Sa galaxies. From its morgiiddad position

in the parameter-space, VCC-0015 was reclassified as Scygata indeed the SED
supports this reclassification to a later spectral type.

Only one Sa galaxy (VCC-0979) is still puzzling. The SED oe tight panel of
Fig. 4.37shows that the r, i and z filters have similar properties ather SEDs of
Sa galaxies in the same wavelength range. However, the u &fidrg do not fit to
the SEDs of this spectral sequence of the Sa galaxies. Tpedtign of the gri-SDSS
image in Fig.4.38reveals a disc galaxy with apparent blue regions in the cohe
blue colours of the regions point to an ongoing or recentfietaration, which therefore
would explain the enhanced magnitudes in the u and g filt@mRhis perspective, it
also points to a misclassification of VCC-0979, but the ekgme is still unknown.

45.2 Models vs. observation

Looking at the results of our analysis in the CMDs of Fig20to 4.28 one realises
— especially in the case of the truncation — that the modelst@r simple. When
modelling the galaxies with a truncation event, the gakafadl on discrete lines in the

8n this conteximisclassifiedneans that the classification by blue sensitive photo-pHiféers from
the classification by our parameter-space.
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Figure 4.37: Comparison of the SEDs for Sa galaxies, whiclevmeodelled with
different values of. The diferences in the SEDs indicate a misclassification in the
case of VCC-0015 (left) and VCC-0979 (right).

Figure 4.38: gri-SDSS image of VCC-0979, which shows blggorein the centre of
the galaxy.
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CMDs, which therefore gives an artificial impression.

As e.g. shown byMcQuinn et al.(2010g and McQuinn et al.(20100, the SFHs of
galaxies do not have to be smooth curves like the ones of auyst Also the
assumption that the truncation time scale is constant fadiierent morphological
types might be too simple. For instance, the ram pressuigpstg event, which
is responsible for the truncation, is not only able to sigatfilly decrease the SFR
of a galaxy, but it is also able to induce new star formatiGavazzi et al. 1995
Fujita and Nagashimal999. Thus, the decreasing SFR will be a superposition a
truncation and star formation, which may increase the ttion time scale to values
with Tgune > 150 Myr. However, a largetiyunc Will result in bluer (g-i)-colours for the
galaxies after 2 Gyr, which in turn also influences the cornsparwith dEs.

Another simplification of the models concerns the gas candénhe galaxies after
the truncation. In case of a truncation, GALEV just decrsabe SFR but does not
“physically” create a gas-poor galaxy. Therefore, the beha of the gas metallicity
of GALEV and the reality are dierent. The metallicity of the remaining gas of a real
galaxy would increase due to the enrichment by the yieldd\w &fter the truncation
event, which is not the case for the GALEV models.

The evolution of BCDs was modelled by a SFH that has one ssigbmg starburst,
superposed on a “normal” SFH given by Equatibd. However, it is commonly
believed that the SFH of BCDs shows oscillation in the SF&nfepisodes with short
and strong bursts to long quiescence phashadn 1991). Our models for the BCDs
do not account for the bursty evolution of the SFR, but it wE® g&hown that the
influence of a strong burst is less and almost not visibleer{ghi)-colours after several
Gyr (see Fig4.7). Thus, the induced errors by this simplification of the SEIBGDs
may have a minorféect on the overall evolution of the photometric parametéth®
BCDs.

Another issue one has to consider is the mass dependencecbanems, which
remove the gas from the late-type galaxies. Followihget al. (2010, the binding
force, which prevents the gas to be removed from a disc gaisypyoportional to the
mean surface density of the ISM and the mean mass densitg dfgb. If two galaxies
move through the cluster with the same veloGitthe one with the lower density is
more influenced by the stripping event. In case of a stamdktie galaxy will proceed
its SF over a longer time scale due to the still existing gasmair in the disc, which

"Except for a face-on galaxy, the inclination angle betwéengalaxy and ICM only plays a minor
role (Quilis et al, 200Q Marcolini et al, 2003.
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again increaset,y.. Therefore, also the results of simulations of spiral galsin the
Virgo cluster gan Gorkom 2004 Fumagalli and Gavazz?008 Vollmer et al, 2012
should be included in the treatment of the environmenti@ces, which act on the
late-type population. However, an increaser ofill only affect the parameters in the
arbitrarily chosen time span of 2 Gyr. If we take much largeretspans of about 4
Gyr or even longer, then the environmentgieets will also remove the remaining gas.
Thus, we do not have to agkthe derived parameter-space is reached Fedint sets
of Tyunc, DUtwhenthe parameter-space is reached.

Also related to the mass of the galaxies is the completemagsof the VCC and the
applied magnitude cutfb(Mg < —13.09 mag). Especially in the case of the dI one
has to account for this when computing average model maBsesto the magnitude
cut-of, low surface brightness dis are not included in our studyckwbould influence
the derived average model masses.

The evolution of the SBPs of the late-type sample shows thandisturbed evolving
galaxy will only slightly change itsféective radius within the next 2.0 Gyr. However,
in the case of a truncation, which in turn reduces the SFRefileets become more
prominent for the star forming dwarf galaxies of the type B@dd dl. For these
star forming dwarfs thefeective radius does indeed change within 2.0 Gyr, but only
on the order of a few percent. However, these calculatioasoaty a first-order
approximation, since all SBPs are approximated by an exg@iéaw with a Sérsic-
index ofp=1, which definitely does not describe the real shape of alb>gas in the
sample. Thus, a possible improvement in the fitting proced@ithe SBPs would be
the inclusion of the Sérsic-index as a free parameter irfittieg procedure of the
SBPs.

In agreement with our studfBoselli et al.(2008 also stated that theffective radius
is almost constant at larger wavelength when the galaxietvewith time. To
increase our understanding of the evolution of thieaive radius, but also of the other
parameters, detailed simulations are need for the entimpmotogical sequence of
late-type galaxies. Such studies on tlfieet of the environment on spiral galaxies in
the Virgo cluster already exist (e.gollmer, 2009, but further studies, including the
low mass galaxies like dis and BCDs, are desirable in thedutu

4.5.3 The possible progenitors of dEs

Using all the derived results of our analysis, we are finalljeao investigate the
possible progenitors of today’s dEs by comparing the strattproperties of the
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different morphological types. In Chapt2it was shown that the parameters of the
BCDs — when the contribution of the starburst region is saadiegd and only the old
stellar population of the LSB-component is taken into aotew fit very well to the
population of the dEs. Furthermore, we found that the LSByoonents of BCDs are
on average more compact and fainter than early-type dwéakigs with a blue core.
In comparison to the LSB-components, the dis in Virgo are Esnpact and have a
lower surface brightness, which is noticeable by a cleaaisgion between these two
morphological types in the M- Res — (i), Parameter-space. Also in terms of the
spatial distribution within the Virgo cluster of the BCDsthdES, there is a probability
that these two types are related to each other.

But what about the other morphological types in the Virgestdun and how will they
look like in the future?

The time evolution of the late-type galaxies by the means ALBV/GAZELLE
models (Figs4.20to 4.28and Fig.4.36 showed that the structural parameterg;(R
(g-1) and(u) ;) of the late-types partly fit to the ones of the early-typeddjvgalaxies
for an undisturbed evolution of two Gyr. Since the late-tgpkaxies are located within
the cluster environment, there are several forces actirtheses galaxies, which may
transform them. Therefore, a truncation of the SFR was agplvhich simulates the
removal of gas due to forces like ram pressure stripping.rébelts of the GAZELLE
runs showed that the structural parameters of late-typaxge become even more
similar to the ones of the ETGs, but this finding depends gtyoon the morphological
type. The early spirals of type Sa and Sb are in many respetitsomparable to the
dEs, since they are too bright in the r-band magnitude, hawéarge &ective radii
and too high surface brightness. As expected, we can canttad the descendants of
Sa and Sb galaxies will not share the same parameter-sptugegs dEs.

Looking at the spirals of type Sc and Sd, we found more ovesliéip dEs in Virgo.
The r-band magnitude and (g-i)-colours of the Sc and Sd gedaxe between the ones
of the dEs and the dE(bc)s. Compared to the dEs, the Sc andl®degaare rather
large in radii and have a relatively high surface brightnessvever, the overlap within
the 1o deviations of the Sc and Sd to the ones of the dEs and dE(bmjsestthat they
are not completely diierent according to our parameter-space.

Among the spirals, the Sm galaxies show the best overlaptiveidEs in the entire
parameter-space, even though the radii are slightly larger

Using the metallicity sensitive (i-z)-colours, we foundathihere are dierences be-
tween the ETGs and the late-type galaxies after two Gyr (anthwithout truncation),
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which may points to dierent chemical abundances (see Bi§2. However, looking

in more detail at the early-types in Fi4.32 one realises that the Sd and Sm galaxies
are within the &r deviations of the (i-z)-colours of the ETGs.

The parameter-space of today’s dl galaxies is in agreeméhtthe dEs, but the
evolution with time and the influence of the cluster envir@mirchange this behaviour.
After a truncated evolution of two Gyr, the (g-i)-colours tbie dls are in the same
region as the dEs. However, the dIs become fainter than teead# also the surface
brightness is getting too low, even when accounting for tbredgviations of both
populations. Therefore, only the faintest dEs with,;, ~ 26 magarcseé have the
possibility to be related to the dls. These faint dls mightddated to the dSph galaxies,
which are treated as dEs in our analysis. Howe@ebel et al (2003 showed that
the mean stellar metallicity of dSph galaxies is higher ttiat of the dls (see also e.qg.
Richer and McCall1995 Richer et al. 1998 for other metallicity estimates for dSphs
and difuse ellipticals), pointing to dlierences in the SFH of these two types. The
low surface brightness field dis of the sampleTtiuan (1985 also show “mutually
exclusive metallicity range8'compared to the Virgo dEs. The metallicity sensitive
(i-z)-colours of Fig.4.32show that the Virgo dEs and dls do noffdr extremely and
that the (i-z)-colours of the dls are within the- Heviations of the dEs. Therefore, we
are not able to give such a strong statementlasan (1985 regarding the dferent
metallicities. The study oBothun et al (1986 also supports our findings, since their
Virgo dls have to fade by gi= 1.5 mag to have the same photometric properties as
the dEs. Consequently, this would lead to very low surfaghimesses, which are not
comparable with the Virgo dEs. Hence, our results and theeibwentioned studies
indicate that there are no evolutionary connections batvete and dEs{dSph) in
the Virgo cluster, which is in contrast to other early stgdie.g. Lin and Faber1983
Kormendy 1985.

In summary, we found that there are some morphological tgpesng the late-type
galaxies that share a similar region in the parameter-spatiee dEs after a truncated
evolution of two Gyr within the Virgo cluster. The most praimg types are the late
spirals of the type Sd and Sm, and the LSB-components of thesB@hen star
formation has ceased. Apart from tplotometricand structural properties of the
late-type and early-type galaxies of our study, one alsothi@a®nsider the intrinsic
kinematics of the galaxies. Galaxies with an ordered matiotmeir stars antr gas
will not lose their angular moment on short time scales. &fwe, the progenitors

8Citation fromThuan(1985.
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must have similar kinematical properties as today’s ET@sthé last years, studies
of dEs in the Virgo cluster (e.gseha et al.2003 de Rijcke et al.2005 Chilingarian
2009 Toloba et al.2011 found that parts of the dE population indeed have kineraatic
that point to rotational flattened or rational supported (#esLisker, 2012 for a recent
review). Interestingly;Toloba et al.(2011) found the tendency of two kinematically
different populations of dEs in Virgo. The ones at large clusestrec radius are
rotational supported and have younger ages, while dEs icotteeof Virgo are pressure
supported and older. Furthermore, other studies foundriiVirgo cluster that are
rotational supported and contain HI gas (€gdraz et al2002 Conselice et a]2003
van Zee et aJ.2004) and together with the results bisker et al.(2006h, who found
dEs with disc features, it points to a possible transforomatif gas abundant late-type
galaxies into dEs, since the dEs still have the imprints efitite-type galaxies.
Harassment-simulations of model late-type dwarf discxgesain Virgo bySmith et al.
(2010 showed that the harassed discs are able to form spiratstelievhich was also
confirmed byLisker et al.(2007) in Virgo dEs from the SDSS. Howeve®mith et al.
(2010 also pointed out that the initial model galaxies were siaotd featureless
and therefore not easily comparable with typical late-tgpkaxies of our sample. As
seen in Chapte?, there is one BCD (VCC-0213) in the Virgo sample that shoviimkp
features and furthermore, these spiral arms show a colaalignt from left to right,
which could be interpreted as a sign of interaction with teese cluster environment.
Another important and interesting question is whether #te-type galaxies will lose
their entire gas reservoir when moving through the Virgest@u The GALEYGA-
ZELLE settings used here do not account for gas loss due évreattforces — which
can be achieved by the inclusion of gas outflows — thereforeamsult other studies.
The study byChung et al(2007 on ~ 50 VLA HI Virgo spirals showed that seven of
them, which are located at intermediate cluster centrig,rhdve extended Hl tails,
indicating the influence of the cluster environment (espBciRPS). Furthermore,
a subsequent study bZkung et al. 2009 showed that galaxies at a small distance
from the core of the Virgo cluster have HI discs that are sendalian the stellar disc.
N-body simulations byollmer et al. (2001 also showed that galaxies will lose gas
when moving through the core region of Virgo, however, tlae &drmation will not
completely stop and furthermore, parts of the gas, whicknsaved by RPS, can be
re-accreted by the galaxies and may amount for up to 10%.

Therefore, the above describefieets of harassment and RPS are fiisient to create

9The spiral arm on the left is bluer than the right one (see ipva@el of Fig.2.16
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the “red and dead” gas-poor dE. Interestingly, a recentystydHallenbeck et al.
(2012 (see alsoConselice et al.2003 found gas-bearing Virgo dEs, which have Hl
and stellar masses similar to BCDs and dl. Thus, we may ale®teachange our view
of a “red and dead” gas-poor dE and have to focus on the stalgtoperties of these
HI dEs. But, from our analysis of Chapt2mwe also saw that dEs with a blue core do
not share the same properties in the-MRg; parameter-space as the LSB-components
of the Virgo BCDs.

If the late-type galaxies of the type BCD, Sd and Sm will costgly (which is highly
unlikely) evolve into a galaxy type that is comparable to diiepopulation of Virgo,

it also interesting to ask whether the number distributibthese “new dES” is in the
same order as the one of today’s dEs. Only accounting foxigalan the outer part
of Virgo with a distance to M87 of [, > 0.6 Mpc (see Fig2.24 of Chapter2 and
Fig. 3.8 of Chapter3), we found that both populations are almost equally nunmerou
(late-types= 25 and dEs= 27). If we also take into accoupirts of the Sc galaxies
and dls then the late-types outnumber the dEs. Howevereihtimber distribution
of the entire Virgo cluster (see Fi@.3 of Chapter3) is used then the late-types
(Sc+Sd+Sm+BCDs+dl) are severely outnumbered by the dEs (amount of dH3X)).
Therefore, a formation of thentire dE population from in-falling late-type galaxies is
not possibleConselice et al200]) found that parts of the dEs in Virgo are not formed
in-situ, but originate from in-falling late-types, whicherefore supports our findings
from a diferent point of view.
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4.6 Outlook

4.6.1 GALEV inthe zoom

At the time of writing the galaxies of the sample are treated-aone objects without
any change with increasing galaxy radius. However, it wasvshthat galaxies do
change their appearance with radius. Examples are théapirain late-type galaxies,
but also dEs with a blue cores.

As a new feature, which is in the testing phase, GAIGXZELLE is now able to
analyse each galaxy pixel by pixel. The procedure is the senfier the entire galaxy,
but now for each single pixel or pixel area (e.g. 4x4 pixel¥est fitting model is
determined by using the same model grid as for the entire leg(sge Tab4.1). From
each morphological class a median galaxy was chosen angsaddly the pixel-pixel
analysis. This was done by using the results from Ch&pt#eBto minimise the scatter
due to a misclassification. Tabde5 summarises the galaxies used for this analysis.

Table 4.5: Subsample offeerent morphological types.
VCC number Morphological
type
VCC-0030 dl
VCC-0048 Sd
VCC-0641 BCD
VCC-0679 Sm
VCC-0938 Sc
VCC-1188 Amorphous
VCC-1290 Sb

As a result of our analysis we obtain spatially resolved nadstellar mass and SFR
density. Some of the preliminary results are shown in &ig§9for a small subsample
of our galaxies. To create these maps we broke down each ditshéles into
resolution elements of 5x5 pixels and fitted the resultin@Skith GALEV simple
stellar populations models, yielding the light-weighteellar population age, stellar
mass and extinction for each element. By comparing theastelass maps of the dEs
with ones of e.g. dIs, we are able to conclude if both morpdickd classes have the
same stellar mass distribution. In this case it is obvioasttie dEs have much higher
surface mass densities as the dls. Itis also possible tdummbow the star formation
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rate of a dl has to change to fit the mass regime of the dEs.

dE + disk

stellar mass surface density [Msun pc'2]

dE + nucleus

W dE + blue core

Figure 4.39: Stellar mass surface density maps of a sampieguf galaxies.

Another example is shown in Fig.40for the Sb galaxy VCC-1290. The left panel
displays the age map and the right panel the dust reddenipg @tavious features in
these maps are the younger ages of the spiral arms and theeléat population of
the bulge. Furthermore, the bulge region is less influengedust reddening than
the surrounded disc. Figu#41 shows the age maps of a BCD and Sm galaxy.
Interestingly, these two galaxies have a quite similar ageiblution, making further
and more detailed investigations worthwhile.

In a next step the results of the pixel-by-pixel analysid i extended to the entire
sample. Furthermore, the impact of the truncation evenhenrstellar mass and SF
density can be investigated in more detail.

To develop further, it might be also possible in the futuredfine the truncation and
RPSstarvation physics to account for the radius dependendesétprocesses on disc
galaxies.

4.6.2 New observation

For the pixel-by-pixel analysis of the galaxy using GALISBAZELLE, the resolution
of the detector and the quality of the observational coodgi(seeing) at the obser-
vatory are one of the crucial limitations. Since the resoflutof the SDSS is low
(0.396 arsefpix) and the median seeing is about 1.6 arcsec, new obsamsaif Virgo
galaxies were performed by us (H.T. Meyer and R. Kotullajpgishe 3.5 m WIYN
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Figure 4.40: Pixel-by-pixel analysis of VCC-1290. Left: eagnap; Right: dust
reddening map.
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Figure 4.41: Pixel-by-pixel analysis of the BCD VCC-1296f{) and the Sm galaxy
VCC-0679 (right). Shown are the best fitting ages of the gatax

telescop® at the Kitt Peak National Observatory (KPNO, USA). The ttsgef the
observing run are summarised in T&l6. In the first run the galaxies were observed
for 2 nights using the WIYN Mini-Mosaic Imager (MIMO), whichas a resolution

0Abbreviation for “Wisconsin Indiana Yale NOAO” telescope.
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of 0.14 arsefpixel and a field of view of 9.6x9.6 arcmin. The used filterstfoe first
observing run were the Harris UBR filters (central waveleéagB640 A; 4304 A: 6394
Ay,

The second run was performed with the WIYN High Resolutioftaired Camera
(WHIRC) and was scheduled for one night. WHIRC has a reswiudf 0.1 arsefpixel
and a field of view of 3.3x3.3 arcmin. In this run the galaxiesdbeen observed
in the infrared, using the J filter (1.2%0n), H filter (1.651um), and K filter (2.168
um)!2, Owing to the fact that the observation was performed in Hwitll the superb
observing conditions, an average seeing of 1.0 arcsec dod beould be possible.
However, due to variations in the weather conditions, temsirsg was unfortunately
not achieved for the entire sample of our observation.

The combination of the resolutions of the instruments amdstiperb observational
conditions at Kitt Peak allows a detailed study of a set ofj¥igalaxies, which will be
published in an upcoming paper together with R. Kotulla. #g time of writing the
data of these observing runs are partly reduced and areedpplifirst tests with the
GALEV/GAZELLE-code.

Table 4.6: Subsample of ftierent morphological types that was observed with the
WIYN telescope. Shown are the used filters and the exposuestin each filter.

VCC number Observed filter Exposure time in UBRJHK [sec]
VCC-0001 U,B,R 1200600/ 600/ -/ -/ -
VCC-0087 H -/-/-/-/2000/ -
VCC-0226 U,B,R,H,K 1200600/ 600/ -/2000/ 4320
VCC-0241 J,K +/-/-/80/-/2640
VCC-0849 U,B,R,K 1200 600/ 600/ - /- /2720
VCC-1488 U,B,R,J,K 1200600/ 600/ 2560/ - / 2320
VCC-1507 U,B,R,J,K 1200600/ 600/ 480/ - / 2560
VCC-1566 U,B,R,J,K 1200600/ 600/ 660/ - / 2560
VCC-1789 U,B,R,J,K 1200600/ 600/ 60/ -/ 2560
NGC-4565 J,K /-/-/3255/-/80

Hhttpy/www.wiyn.orgObservawiynfilters.html.
nttpy/www.noao.edtkpngmanualgvhirc/filters.html.
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Chapter 5 Conclusions and outlook

5.1 The possible progenitors of early-type dwarf galaxies

In Chapter2 the structural properties of the Blue Compact Dwarf Galsex@CDs) in
the Virgo cluster were analysed by a special algorithm. &hgerithm accounts for
possible irregularities and multiple star forming regiafig BCDs and enables us to
investigate the underlying old stellar population throtigg creation of surface bright-
ness brightness profiles (SBPs). The SBPs were decompdsdtiéncontribution of
the starburst and old stellar component, which is also @dtev surface brightness
(LSB-) component or host galaxy. With this decompositiogoakhm we are in the
excellent position to analyse only the parameters of theetlyidg LSB-component,
which contributes mainly to the galaxy mass. It turns out tha parameters of the
LSB-components of the BCDs and the ones of compact Dwarpbtigléls (dES) are in
good agreement. Regarding the used parameter-space ((M- i) — Reg — (tt)ey) Of
this thesis, we concluded that BCDs are the possible pragermf compact dEs in the
Virgo cluster.

Apart from the BCDs, also all other late-type galaxies of thggo cluster were
analysed in the course of Chapter The parameters of the fékrent morphological
types of the Virgo Cluster Catalog (VCC) were reviewed anmeifessary reclassified.
As expected, the parameters of the late-type galaxies slgmifisant diferences to
the dEs. However, the morphological class of the Irregulalag@es (dl) and the late
spirals of type Sd and Sm show some similarity to the dEs dawgto the parameter-
space.

These diferences between late- and early-type galaxies are notisagly, but
the most interesting question is how the late-type galawidislook like in several
billion years? To answer this question, evolutionary sgatfimodels of GALEV and
GAZELLE are used, which model the evolution of galaxies base a set of input
parameters, like a star formation history and our observagmnitudes of Chaptes.
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Since the late-type galaxies are members of the Virgo alusis crucial to take into
account the influence of the dense cluster environment hwkiable to remove the gas
from a galaxy and therefore halting the star formation ory @ort time-scales (a so
called truncation).

In Chapter4 of this thesis, we found that also the Sd and Sm galaxies, @fteGyr
of a truncated evolution, are located in the same paramsptare as the dEs of the
Virgo cluster. The dlIs, which cover almost the same paransgace otoday’sdEs,
will evolve into very faint galaxies with a very low surfaceightness. Therefore,
these future dls will not fall into the locus of today’s dEglanay share the structural
properties of dSph of the Local Group.

The findings of Chapte# point to evolutionary connections between the late spirals
(Sd and Sm) and the dEs.

In summary, we found that future BCDs and late spirals (Sd @&mj, when star
formation has ceased, will share the same parameter-sgacérgo dEs. Therefore,
the results of this thesis supports the idea that these yatars will be transformed
by the environment of the Virgo cluster, resulting in obgequite similar to today’s
early-type dwarf galaxies.

5.2 Outlook

As seen in the course of this thesis, there are several galaithin the VCC, which
are not or only partly covered by the SDSS. With the new dd&ases of the SDSS,
it will be possible to increase the coverage of this sampMigfo galaxies. However,
due to the overlap with other galaxies (and stars) in the fordackground, we will
never reached an 100% coverage of the Virgo galaxies witlegri@in completeness
limit.

As always in observational astronomy, it would be a greaaslee to have much
more deeper observations of the Virgo galaxies. This wilbbkieved by the Next
Generation Virgo Cluster Survey (NGVE&grrarese et al2012. The results of the
NGVS will be in particular interest with respect to the lowsinosity dwarf irregular
galaxies, with their low 8\. Furthermore, the NGVS will also shed more light on
the faint underlying LSB-components of BCDs and may reveal features in their
structure.

In respect to the BCDs, it would be also very interesting t@atigate in more details
the diferences of structure of BCDs in clusters and in the field. Aleccomparison of
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BCDs in diferent clusters, especially clusters dfelient stages of virialisation, would
be of great interest. Of course, this is true for all kind ¢éteype galaxies.

To check the results of our GALEGAZELLE analysis, it would also be useful to
compare our results with other evolutionary synthesis nsoded codesHansson
2012 Hansson et al.2012. Also the inclusion of spatially resolved maps, e.g.
of the stellar mass density and star formation, and the casgraof the diferent
morphological types is of major interest. A first step to thepatially resolved maps
was already taken in Chaptéand we are excited to see the results of our entire Virgo
sample.
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Chapter 6 Appendix

6.1 Abbreviations
In Tab.6.1the abbreviations of the here presented study are summarise

Table 6.1: Used abbreviations of this study.

Abbreviation Description
BCD Blue compact dwarf
Cl Concentration index
CMD Colour-magnitude diagram
dE Dwarf elliptical
dE(bc) Dwarf elliptical with blue core
dl Dwarf irregular
dSph Dwarf spheroidal galaxies
E Elliptical galaxy
E-ELT European Extremely Large Telescope
ETG Early-type galaxy
ETDG Early-type dwarf galaxy
EW Equivalent width
FWHM Full width at half maximum
GALEV GALaxy EVolution code
G08 Graham and Worle{2008
G99 Gavazzi et al(1999
ICM Intra cluster medium
IMF Initial mass function
ISM Inter stellar medium
JLO9 Janz and Liskef2009
continued
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Abbreviation Description

JWST James Webb Space Telescope
LF Luminosity function
LG Local Group
LSB Low surface brightness
NED NASA/IPAC Extragalactic Database
modexp Modified exponential fitting law
NGVS Next Generation Virgo Cluster Survey
P96b Papaderos et a11996Hh
P08 Papaderos et a2008
pst Point spread function
RPS Ram pressure stripping
SAM Semi analytical model
SB Starburst
SBP Surface brightness profile
SDSS Sloan Digital Sky Survey
SED Spectral energy distribution
SF Star formation
SFDG Star forming dwarf galaxy
SFH Star formation history
SFR Star formation rate
SSFR Specific star formation rate
SN Signal to noise ratio
SNe Supernovae
VCC Virgo Cluster Catalog
Z Metallicity

Abbreviations

6.2 Structural parameters of the sample

In Chapter3 the structural properties of the late-type galaxies werae@. Table6.2
summarised the results of this analysis.
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Table 6.2: Derived structural parameters of the late-type

galaxies.

VCC ms Type (1) M: Redkpc] (e, b/a

1] [2] [3] [4] [5] [6] [71  [8]

0015 1 Sa? 0.79 14.67 1.26 22.65 0.73
0020 1 ? 0.73 17.38 0.45 23.14 0.85
0025 1 Sc(nl.4 0.59 11.92 1.25 19.89 0.87
0031 1 ? 0.56 15.20 0.38 20.61 0.47
0034 2 Sc: 0.56 14.36 1.18 2221 0.61
0048 2 Sd(s) Smlli 0.61 14.03 1.84 22.85 0.87
0058 1 SBb(n)I-Il 0.73 12.50 2.18 21.68 0.51
0066 2 SBc(s)ll 0.65 11.17 3.72 21.52 0.29
0067 2 Sc(s)pec 0.53 1351 1.59 22.02 0.36
0073 1 Sh: 1.10 12.20 0.76 19.09 0.40
0081 2 d:Sc 0.58 14.43 1.77 23.16 0.87
0087 2 Smlll 0.55 14.29 1.05 21.88 0.50
0089 1 SBc(sn)ll.2 0.78 11.45 2.49 20.92 0.79
0092 2 Sbll: 1.05 9.71 4.34 20.39 0.28
0094 1 Sa 1.11 12.49 0.73 19.30 0.72
0097 1 Sc(s)ll 1.00 12.05 1.49 20.41 0.44
0099 1 Sa? 0.97 14.36 0.64 20.90 0.35
0104 2 dE3 or ImV 0.67 17.04 1.51 25.43 0.73
0105 2 SBdIV 0.64 13.14 2.94 22.98 0.87
0113 1 ? 0.37 16.61 0.82 23.68 0.53
0119 2 Sc 0.47 14.85 1.24 22.82 0.31
0120 2 Scd(on-edge) 0.67 12.58 1.30 20.64 0.26
0122 1 S014 1.05 12.75 1.04 20.33 0.60
0126 2 SBd 0.56 14.01 2.19 23.20 0.67
0131 1 Sc 0.94 13.45 0.88 20.66 0.20
0135 2 Spe¢ BCD 0.98 13.75 0.67 20.36 0.51
0137 1 ? 0.88 16.19 0.54 22.34 0.68
0143 2 Sc(on-edge): 0.74 14.78 0.68 21.44 0.39
0145 2 Sc(s) 0.86 12.02 2.03 21.05 0.17

continued
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VCC ms Type (1) M: Rekpcl (e, b/a
[1]  [2] [3] [4]  [8] [6] [71  [8]

0152 2 Scd(on-edge) 1.09 1235 1.14 20.13 0.49
0157 2 Sc(s)lI-1l 0.89 10.82 2.33 20.15 0.57
0162 2 Sd(on-edge) 0.50 14.19 1.06 21.81 0.14
0166 1 S029 1.10 11.89 0.74 18.74 0.39
0167 2 Sb(s) 1.29 9.69 2.47 19.15 0.25
0187 2 Scd(on-edge) 0.96 12.87 1.42 21.13 0.21
0199 1 Sa 1.23 11.46 1.59 19.96 0.42
0213 2 dS7BCD? 0.80 13.59 0.61 20.01 0.86
0221 1 SBclll.4 0.65 12.56 1.45 20.86 0.85
0222 1 Sa 1.19 11.32 1.50 19.69 0.28
0226 2 Sc(nll.8 1.01 11.35 1.67 19.95 0.62
0234 1 Sa 1.14 11.68 1.90 20.56 0.49
0237 1 ? 0.38 16.56 0.65 23.13 0.73
0241 2 Sd(on-edge) 0.21 14.19 1.29 22.23 0.30
0267 2 SBhc(s)I-ll 0.62 12.92 2.47 22.38 0.84
0289 2 Sc(on-edge) 0.55 13.99 0.74 20.84 0.31
0307 2 Sc(s)l.3 0.74 9.45 451 20.22 0.72
0312 1 S016 1.16 12.35 0.58 18.65 0.47
0318 2 SBcd(s)lll 0.46 13.74 1.67 22.35 0.56
0323 1 Sa 1.12 13.52 0.61 19.93 0.31
0341 1 SBa(s) 1.15 11.35 1.75 20.05 0.40
0342 1 S017 1.11 13.36 0.40 18.85 0.44
0343 1 SBd(s)ll 0.69 14.73 1.06 22.34 0.85
0358 1 SBa(s) 1.09 1253 0.80 19.55 0.91
0366 1 S016 1.14 13.19 1.11 20.90 0.58
0371 1 S026 1.17 12.42 0.70 19.13 041
0373 1 S012 1.12 12.26 1.12 20.01 0.74
0375 1 S016 1.09 11.85 0.94 19.22 0.39
0382 1 SBc(s)ll 0.67 11.52 1.50 19.89 0.63
0386 1 SBa 1.08 13.13 1.12 20.87 0.76
0393 1 Sc(s)ll 0.72 1271 1.72 21.39 0.80
0404 1 Scd(on-edge) 1.04 13.96 0.87 21.14 0.18

continued
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VCC ms Type (@) M, Rerdkpcl (e, b/a
1] 2] [3] [4]  [5] [6] [71  [8]
0408 1 S036 1.19 10.94 1.33 19.05 0.46
0414 2 dE2 or ImV 0.86 16.68 0.70 23.41 0.62
0415 1 Sd: 0.77 1453 1.14 22.31 0.56
0429 1 ? 0.65 15.99 0.73 22.81 0.53
0446 2 Im/ BCD: 0.75 15.15 0.87 22.34 0.58
0449 1 Shc(on-edge) 1.24 13.34 0.93 20.66 0.37
0450 1 SOpec 0.97 14.76 0.78 21.70 0.47
0453 2 Sm 0.71 15.73 0.49 21.69 0.34
0460 2 Sapec 1.06 10.11 3.78 20.49 0.44
0465 2 SBc(s)lI-ll 0.54 11.82 1.86 20.66 0.37
0472 2 ImIV-V or dE4 1.04 16.42 0.91 23.71 0.52
0483 2 Sc(s)ll 0.00 0.00 0.00 -inf ~ 0.00
0491 2 Scd(s)lll 0.40 12.16 1.81 20.94 0.97
0497 2 Sc(on-edge) 0.00 0.00 0.00 -inf  0.00
0509 1 Sd or SmIV 0.58 14.80 1.27 22.82 0.43
0512 2 SBmIV 0.63 15.13 1.52 23.53 0.39
0514 2 Sc(s)pec: 0.77 14.12 1.77 22.86 0.90
0522 2 Sa 099 12.22 1.79 20.98 0.49
0524 2 Shc(on-edge) 1.21 11.67 1.58 20.16 0.21
0534 1 SBapec 1.10 12.49 1.62 21.03 0.48
0559 2 Sab 1.01 11.49 2.04 20.53 0.26
0566 1 SBmlll: 0.24 15.97 0.59 22.31 0.54
0567 1 Scdlll 0.76 1351 1.30 21.57 0.32
0570 2 Sab 1.12 11.29 2.18 20.47 0.55
0574 2 dE3 or ImV 0.92 16.48 1.22 24.41 0.78
0576 2 Sbc(on-edge) 1.21 12.46 1.11 20.17 0.27
0593 1 S 0.69 14.43 0.74 21.28 0.30
0596 2 Sc(s)l 0.87 9.02 7.62 20.92 0.87
0620 2 Smlll 0.52 15.36 0.63 21.84 0.37
0630 2 Sd(on-edge) 0.89 12.23 2.00 21.23 0.14
0654 2 RSB025 1.13 1091 2.28 20.19 0.70
0656 1 Sb 1.21 11.99 1.13 19.74 0.61
continued
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VCC ms Type (@) M Redkpcl (e, b/a
1]  [2] [3] [4]  [5] [6] [7]1  [8]
0657 1 S017 1.19 12.10 0.27 16.76 0.46
0664 2 Sclll-Iv 0.38 13.10 2.01 22.10 0.64
0667 1 Sc(s) 0.89 13.20 1.60 21.71 0.48
0672 1 S018 097 1311 0.70 19.82 0.31
0679 1 ? 0.74 15.17 0.86 22.33 0.44
0688 2 Sc(s)lI-11 0.87 13.16 1.05 20.76 0.64
0692 2 Sc(s)ll.3 0.66 12.21 2.05 21.27 0.72
0697 1 Sc(9)ll.2 0.88 13.08 1.75 21.79 0.93
0699 2 Sc(s)lll-IVorSml 057 12.99 1.00 20.48 0.92
0713 2 Sc(on-edge) 1.13 12.25 1.77 20.98 0.22
0739 1 Sdlll-1v 0.50 13.44 1.95 22.38 0.93
0740 2 SBmlli 0.55 15.40 0.80 22.41 0.53
0768 1 SBc 0.63 14.47 0.69 21.15 0.27
0792 2 Sab(s) 1.07 11.20 3.10 21.15 0.52
0801 2 Amorphu 0.69 11.86 0.82 18.92 0.56
0809 2 Sc(on-edge) 0.82 13.80 0.98 21.26 0.19
0827 2 Sc(on-edge) 091 1264 1.48 20.98 0.19
0836 2 Sab 0.94 10.76 2.27 20.03 0.30
0849 2 Shc(s)ll 0.60 12.56 1.70 21.21 0.74
0851 2 Sc(on-edge) 0.90 13.13 1.33 21.25 0.21
0857 2 SBb(sr)l-lI 1.10 10.48 3.48 20.69 0.91
0859 1 Sc(on-edge) 1.21 13.23 1.41 21.47 0.55
0865 2 Sc(s)ll 0.72 12.17 2.50 21.65 0.30
0869 2 ImV or dEO 0.86 14.71 2.36 24.07 0.80
0873 2 Sc(on-edge) 1.14 11.31 2.49 20.79 0.26
0874 1 Sc(s) SO 095 11.94 1.40 20.17 0.71
0905 2 SBc(9)ll 0.68 12.74 2.61 22.32 0.91
0912 2 SBbc(rs) 091 11.85 2.06 20.92 0.67
0938 2 SBc(s)ll.2 0.83 12.22 1.90 21.10 0.90
0939 2 Sc(s)ll 0.66 12.19 3.32 22.29 0.95
0945 2 SBmlll 0.31 14.86 1.29 2291 0.48
0950 2 Smiv 0.47 14.73 2.28 24.01 0.77
continued
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VCC ms Type (@) M, Rerdkpcl (e, b/a
1] [2] [3] [4]  [8] [6] [71  [8]
0957 1 Sc(s)lll 0.65 12.00 1.21 19.91 0.46
0958 2 Sa 1.17 10.86 1.29 18.91 0.31
0975 2 Scd(s)ll 0.00 0.00 0.00 -inf ~ 0.00
0979 2 Sapec 090 11.27 2.58 20.82 0.53
0980 2 Scd(s)lll 0.44 13.69 1.71 22.34 041
0984 2 SBa 1.08 11.72 1.14 19.50 0.33
0989 1 Scorim 0.56 16.04 0.79 23.01 0.97
0995 2 Sc(on-edge) 0.49 14.64 0.67 21.27 0.28
1011 2 Sdmlll 0.72 14.32 1.25 22.29 0.51
1020 2 dE4,N: or ImIV 0.99 16.28 0.66 22.88 0.55
1047 2 SBa(sr) 1.11 1154 1.28 19.57 0.88
1060 1 Smlll-1IvV 0.34 15.34 1.00 22.82 0.50
1086 2 S(on-edge) 1.11 12.54 1.16 20.35 0.23
1091 2 Shc(s)1.8 0.47 13.68 0.77 20.62 0.44
1110 2 Sabpec 1.11  9.70 3.82 20.10 0.64
1118 2 Sc(s)ll 0.89 1241 0.92 19.72 0.60
1126 2 S¢ Sa 1.02 11.91 1.61 20.44 0.44
1145 1 RSb(rs)ll 1.07 10.47 1.46 18.78 0.71
1156 1 SBcd(s)ll 0.46 13.97 2.07 23.04 0.47
1158 2 Sa 1.19 10.89 1.28 18.92 0.67
1165 2 dE3 or ImV 0.82 17.40 0.91 24.70 0.55
1179 2 Imlll/ BCD 0.65 14.75 0.97 22.18 0.34
1186 2 dEO or ImV 0.72 17.16 0.82 24.23 0.81
1188 2 Amorphu 0.90 12.80 0.83 19.89 0.44
1189 2 Sc(so)ll 0.68 13.21 1.51 21.59 0.62
1190 2 Sa 1.18 10.95 1.98 19.92 0.37
1193 2 Sc: 0.72 13.52 0.88 20.73 0.30
1205 1 Sclllpec 0.67 12.25 1.13 20.01 0.68
1208 1 Smlll 0.56 15.13 0.61 21.55 0.84
1217 2 SBmIV 0.62 14.02 2.62 23.60 0.74
1227 2 dEO or ImV 1.52 16.52 1.45 24.81 0.88
1237 1 ? 0.61 15.22 0.66 21.80 0.76
continued
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VCC ms Type (@) M Redkpcl (e, b/a
[1]  [2] [3] [4]  [8] [6] [71  [8]
1266 1 Sdmlll-1vV 0.35 14.91 1.19 22.79 0.83
1290 1 Sh(nl 0.78 12.25 1.58 20.74 0.58
1294 1 SO: 0.94 14.69 0.91 21.98 0.64
1326 2 SBa(s) 0.96 12.26 1.38 20.44 0.52
1330 2 Sa 1.13 11.28 3.09 21.23 0.92
1331 2 dE3 or ImV 0.78 16.57 1.50 24.94 0.84
1336 2 dE1 or ImV 1.06 16.84 1.23 24.78 0.91
1356 2 Smlll/ BCD 0.48 14.75 0.54 20.89 0.56
1358 1 Sa: 0.80 14.46 1.14 22.23 0.68
1375 1 SBclll-IV 0.58 11.40 3.54 21.64 0.83
1379 2 SBc(s)ll 0.68 11.93 2.16 21.09 0.48
1393 1 SBc(s)lI-111 0.68 12.72 1.60 21.23 0.66
1408 2 dE1 or ImV 0.95 16.99 1.02 2452 0.74
1410 2 Smlll 0.60 13.77 0.94 21.13 0.54
1412 2 Sa 1.18 10.71 1.59 19.21 0.48
1413 2 dE2 or ImIV-V 0.96 17.20 0.85 24.33 0.63
1419 2 S(dust)pec 0.97 1254 1.66 21.13 0.73
1427 2 Im/ BCD: 0.68 14.64 0.93 21.98 0.58
1442 1 Sd(on-edge) 0.63 13.85 1.27 21.86 0.20
1448 2 ImIV or dE1pec 0.86 13.13 3.27 23.19 0.77
1450 2 Sc(s)ll.2 0.57 12.44 1.98 21.42 0.68
1507 2 SmlV: 0.76 14.81 1.21 22.71 0.53
1508 2 SBc(rs)ll.2 052 11.72 2.57 21.27 0.73
1516 2 S¢ Sh: 0.78 12.10 2.08 21.19 0.24
1524 2 SBd(s)ll 0.57 12.64 3.39 22.78 0.88
1529 1 Sdmlll-1vV 0.74 13.93 1.72 22.60 0.82
1532 1 SBcpec 0.76 12.80 1.87 21.65 0.71
1540 1 Sh(s)ll 1.22 10.17 3.07 20.10 0.30
1552 2 Sapec 1.05 11.25 2.48 20.71 0.67
1554 2 Smlll 0.45 11.57 1.65 20.14 0.47
1555 2 SBc(s)l.3 0.87 9.69 6.67 21.31 0.67
1557 1 Scd(on-edge) 0.79 13.39 1.05 20.99 0.25
continued
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VCC ms Type (@) M, Rerdkpcl (e, b/a
1] [2] [3] [4]  [8] [6] [71  [8]
1562 1 Sc(s)l 0.87 10.16 4.52 20.93 0.37
1566 2 Sdiv 0.69 14.48 1.35 22.63 0.61
1569 2 Scd: 0.62 14.88 1.23 22.82 0.60
1574 1 ? 0.89 16.45 0.44 22.16 0.80
1575 2 SBmpec 0.90 12.76 1.51 21.15 0.73
1581 2 Smiv 0.70 13.93 2.08 23.01 0.78
1582 2 ImV or dE2 0.64 16.14 1.34 24.26 0.92
1588 2 Scd(s)lll-1vV 0.90 11.54 2.09 20.63 0.82
1605 2 Sd: 0.60 16.61 0.61 23.05 0.23
1615 2 SBb(rs)I-ll 1.12 9.72 5.31 20.84 0.76
1623 1 ? 0.63 15.99 0.58 22.31 0.60
1624 1 Sc(on-edge) 1.07 12.78 1.08 20.45 0.37
1644 2 Smlv 0.56 16.80 0.53 2290 0.29
1656 2 dE3 or ImIV-V 0.90 15.88 1.24 23.84 0.66
1675 2 pec 0.83 13.72 1.50 22.10 0.62
1678 2 SBdIV 0.44 1355 2.48 23.02 0.82
1685 1 SBd(on-edge) 0.46 15.42 0.97 22.84 0.24
1686 2 Smlll 0.57 1261 2.34 21.95 0.52
1690 2 Sab(s)I-lI 0.90 9.27 5.26 20.37 041
1696 2 Sc(s)lI-11 0.96 10.81 4.36 21.50 0.85
1699 2 SBmlll 0.43 13.73 1.13 21.49 0.54
1713 1 ? 0.56 15.43 0.75 22.30 0.61
1725 2 Smlll/ BCD 0.54 13.76 1.56 22.22 0.66
1726 2 Sdmiv 0.28 14.63 1.83 23.44 0.74
1727 2 Sab(s)ll 1.11 9.18 4.36 19.87 0.77
1730 2 Sq¢ Sa 1.08 11.49 2.02 20.51 0.71
1756 2 dE5 or Im 0.76 17.41 0.60 23.80 0.49
1757 2 Sa(s)pec 0.88 12.77 1.40 20.99 0.67
1758 2 Sc(on-edge) 0.74 14.09 0.85 21.24 0.14
1760 1 Sa 1.18 11.36 2.23 20.59 0.61
1776 2 dE2 or ImIV 1.15 16.78 1.89 25.66 0.89
1778 2 Amorphu? 0.65 13.45 1.10 21.15 0.50
continued
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VCC ms Type (@) M Redkpcl (e, b/a
[1]  [2] [3] [4]  [8] [6] [71  [8]
1791 2 SBmlll/ BCD 0.34 13.89 1.43 22.15 0.53
1804 2 Imlll/ BCD 0.82 15.05 0.92 22.37 0.49
1811 2 Sc(s)ll.8 0.60 12.13 1.53 20.55 0.66
1813 2 SBa 1.14 10.03 3.22 20.07 0.78
1821 1 ? 0.79 16.88 0.48 22.75 0.56
1825 2 dE2 or ImIV 0.82 15.29 1.08 22.96 0.87
1834 1 S016,N 1.07 12.20 1.29 20.25 0.75
1837 1 ? 0.81 15.97 0.99 23.44 0.49
1855 1 SO: 0.86 14.72 0.84 21.83 0.69
1859 2 Sapec 0.94 11.66 1.91 20.56 0.49
1860 1 ? 1.05 16.22 0.84 23.33 0.68
1868 2 Scd(on-edge) 1.14 1257 1.57 21.04 0.20
1873 1 ? 0.39 16.27 0.59 22.61 0.43
1883 2 RSBOR 1.05 11.14 1.40 19.36 0.76
1884 2 dE1 or ImV 0.70 15.83 2.80 25.55 0.92
1898 1 ? 0.90 14.99 1.05 2259 0.72
1900 2 ImV or dE3 0.74 15.48 1.69 24.12 0.78
1902 2 SQ Sa 0.93 1234 1.82 21.13 0.88
1905 2 dE2 or ImIV 1.17 16.74 2.39 26.13 0.92
1906 1 SO: 0.94 15.00 0.51 21.02 0.79
1920 1 S0? 0.95 14.68 0.70 21.39 0.86
1923 1 Sbc(s)lI-1l 0.84 12.06 1.70 20.71 0.76
1929 2 Scd(s) 0.73 12.88 1.82 21.68 0.40
1932 2 Sc(on-edge) 0.89 12.13 1.42 20.39 0.17
1933 1 Sab? 0.53 15.98 1.11 23.70 0.94
1943 2 SBb(n)ll 0.91 11.29 1.73 19.97 0.79
1944 1 BCD? 1.16 16.19 0.34 21.37 0.96
1955 2 Spe¢ BCD 0.85 12.74 2.33 22.07 0.88
1960 1 Imlll/ BCD? 0.74 17.39 0.37 22.73 0.58
1987 2 SBc(rs)ll 0.80 10.23 3.94 20.70 0.61
1994 2 dE2 or ImV 0.76 16.44 0.99 23.92 0.90
1999 2 Sa 1.06 11.93 1.14 19.72 0.75
continued
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vCC ms Type (@-1)  M:  Rekpe] (e, b/a

(1] (2] [3] 41  [5] [6] [71 (8]

2006 2 Amorphu 0.76 13.06 1.62  21.60 0.30
2007 2 Imlll/BCD: 0.69 1520 0.68  21.85 0.79
2023 2 SBc(s)ll 057 13.32  1.49  21.68 0.43
2058 2 Sc(s)ll.3 0.92 1059 441 2131 0.78
2066 2 Amorphu 0.83 11.25 1.70  19.90 0.50
2070 2 Sa 1.16 10.28 248  19.75 0.73
2089 1 BCD? 1.35 1504 035  20.28 0.79

Derived structural parameters of the late-type galaxies.
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6.3 Results of GAZELLE

Table 6.4 summarised the results for the galaxies from the GAIGAZELLE runs

of our study, which were analysed in the course of ChagteiThe complete late-
type morphological sequence was included in the GAIENZELLE runs and is
summarised in Tal®.3. Missing internal identification numbers (Type-ID; e.g. BE

= 1 and 2) in Tab. 6.3 have been used to mark the possible membership to the
Virgo cluster in the course of the analysis. Since théedences between certain and
possible members are not significant, we did ndéfiedentiate the membership within
the GALEV/GAZELLE runs.

Table 6.3: The dferent morphological types according to the VCC and theeril
identification number.

Type-ID Description

1 BCD
dl
5 Sh
7 Sc
9 Sd
11 Sm
15 Amorphous
17 Sa
19 SO
23 S
24 unknown
25 dEdI
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Table 6.4: Results from GALENGAZELLE runs (Part 1).
Upper and lower values correspond to the minimum and
maximum values of the GAZELLE output.

6T¢

VvCC Type' Magobs Mag mod Mtot M stellar Mgas M nonvis
ID [mag] [mag] [Gyr] [Mo] Mol Mol
] [2] [3] [4] [5] [6] [7] [8]

0001 1 1482+ 0.05 1485+ 010 873e+087208 57904 08108 5 ge, 0g29%08 330 (gi3%r0s
0004 3 1629+006 1632+ 010 883+ 088808 471e 07464107 g3ge . OgLI®08 g GDe 4 0766207
0010 1 1507005 1509+ 010 479+ 0FLe08 D E5e | Qg8 4530, OR42:08 3500 4 0gE5%:08
0015 7  1467+005  1471+010 709+ 0%/ 3786+ 08708 671e+ OF4e0 5300 1 03208
0017 3 1530+ 0.05 1525+ 010 999% + 085208 1 46e 4+ 0822108 G530, Og3I08 ) O5e 4 Og20%08
0020 24 138+008  1736+0.10 10le+0837&107 2 goet Q7282407 7 24e, Q7490107 387 4 07387107
0022 1 1565+ 005  1567+0.10 247e+ 0208 1300 083208 2 34e, OR18+08 1 gre , (gLa%e:08
0024 1 1488+ 005  1490+0.10 495e+ 098208 D gae . 026408 4 6ge . 0QH3EI08 3710 Ogi7ler0s
0025 7 1192+ 005 1192+ 010 667e+ 1BS10 3560+ 0PBE0  631e4+ 1063110 500e + 02009
0026 3 1734+ 008 1730+ 010 662+ 0738207 1854 Q7L8R0T 4 7604 Q747807 D 5e 4 Q725407
0030 3 1603+006 1606+ 0.10 209+ 089208 5g6e 075807 1 51e O8LS08 g (de 4+ 0780407
0031 24 120+ 005  1522+010 323e+0%LE08 17004 0gL7208 306+ ORI 2 42 4 Ogei2:08
0034 7 1436+ 0.05 1439+ 010 608+ 092209 32404 0g2%08 5750, OPEER08 4560 4 02608
0041 3 1634+ 0.09  1623+010 135e+0FP1208 7510, Q78907 1 5ga 4 OP210T 1 Oe 4 OGLILE0S
0048 9 1403+005 1403+ 010 7956+ 097209 4 24e 0gi24r08 7530, 09i22:09 5 ope 4 OgEI%er08
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0c¢

VCC Type' Magobs Mag mod Mtot M stellar Mgas M nonvis
ID [mag] [mag] [Gyr] [Mo] Mol Mol
[ [2] [3] [4] [5] [6] [7] [8]

0052 3 1704£009 1704+ 010 675e+ 089208 360e+ 0726207 6 30e+ 00T 507e+ 0729707
0058 5 1250+ 005  1253+0.10 512+ 108420 27304 ORIX00 484e+ 1025100 3844 0928400
0066 7 1117+ 005  1117+010 133e+ 1121210 7084 0g/0%09 1 2ge 4+ 11121410 g 96e 4 09609
0067 7 1351+ 005 1353+ 010 149+ 1031209 79504 089208 1 4e4 1(PLRH00 1 1De 4 OQL12409
0073 5 120+ 005 1219+ 010 148+ 10-4210 984e 4 OQLI7e00 4 90e + 09447109 1 42e 4 10M4210
0074 1 1588+ 005 1590+ 010 219+ 04208 1 17e1 08LLe08 2 07e+ 09LIX08 1 G 4 OgLELe:08
0081 7 1443005  1444+010 5dle+ 092209 2g0e | O 51261 OFLH08  406e+ 0008
0083 3 1511+ 005 1512+ 010 39le+0FI®0 2 (ge 0B20X08 370+ Q346108 2 93p | Og2I%e:08
0085 3 1630+ 0.10 1683+ 010 142+ 081208 4394 Q738007 g 78a 4 Q705807 G 21e 4 Q7821107
0087 11 129+ 005  1426+0.10 644de+ 094109 3440 4 08344108 6108+ 0FPI08 483 4 0g!E+08
0089 7 1145+ 005 11504010 143e+ 1117710 764e 09764109 1 360 11701109 1 o7g 4 10LOTer10
0092 5 971+ 0.05 968+0.10  130e+ 11-3%11 ggoe+ 10898110 4 06e+ 1040610 1 2ge 11%2%¢11
0093 25 1635+ 005  1639+0.10 883c+ 08LE%08 471e4 O745%:07 g 36e 029207 6 GDe 4 07662107
0094 19 12494005 1247010 123+ 102410 8470+ 04709 3870+ 0P80 1 230 102310
0097 7 1205+ 005  1204+0.10 137e+10:3%10 90+ 05409 460+ 0944609 1 31e+ 1(0L3ler10
0099 17 1436+ 005  1435+010 163e+09-5%+9% 1 08e 4 0917808 54904 08031108 1 5ge . QL5600
0104 25 104+014  1707+0.10 419%+ 0850 2 24e 0728707 3 97e4 0838%H0T 314+ 07314107
0105 9 1314+ 005 1314+ 010 248+ 1007209 132+ 0932109 3 3404 1(B32109 1 B6e 4 QL8609
0113 24 161+£007  1657+0.10 142+ 08L4%108 398a 7398107 1 (030 OBLOH08 5 47 4 Q7476107
0114 3 1614+ 007  1593+0.10 23le+0RER08 1230, gLl7er08 5 1gs ., OQLO%I08 1 730 OgL73e:08
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VCC Type' Magobs Mag mod Mtot M stellar Mgas M nonvis
ID [mag] [mag] [Gyr] [Me] [Mo] [Mo]
[ [2] [3] [4] [5] [6] [7] [8]

0117 3 1507+ 005 1598+ 010 115e+09:%%08 611+ 0723707 1 0ge+ 09L3%:08 g 5ge | (785%+07
0119 7 1485+ 005 1490+ 010 31le+ 0P 1 66e+ 08L5L08 2 ghe QP80 2 330 (g8
0120 7 1258+ 0.05 1259+ 010 409+ 10/9%10 2 184 QR0 38704 1(B8%10 3 07a 4 OGB7e00
0122 19 1275+£005  1274+010 864e+09/8%%9 593e+ O30 2 71e 4 OR4R0 g Gle 4 096409
0126 9 1401+005  1403+0.10 105e+ 10-6%109 5508 Q5208 g goe OP22:08 7 ghe 4 (g78%:08
0128 25 1478+ 006 1478010 854e+ 00RO 4560+ 08508 8 0%+ 0LEH0E 641 Og4ler0s
0130 1 1644+ 005  1645+0.10 7.80e+ 083608 4160+ O740%:07 7384 0G38RI0T 5 ghe 4 (7585107
0131 7 1345+005 1344+ 010 340e+ 0420 2 26e OR2609 1 |50 OQHI09 3 o5e . OQB2ser00
0132 3 1601+008 1594+ 010 133e+0P408 711e4 07807 1 26e QL7808 g oge 4 O729%:07
0135 23 1375+ 005  1375+010 28le+ 0REL  187e+ 093400 9470+ 082208 2 G0 4 OGR6%R+09
0137 25 1619+005  1622+010 236e+ 08308 14304 0L208 9 37a4 O7A37H07 2 0de | OgR0%+08
0143 7 1478+005 1484+ 010 663e+0PL208 354e 0g5e08 62ge 02208 497e 4 OGLI7er08
0144 1 1463+005  1473+0.10 402+ 084208 1430 08408 o 5ge . Ogl7%:08 1 97 4 OgLITe08
0145 7 1202+ 0.05 1204+ 010 913e+ 1051210 4.87e+ 0% 8.6de+ 1052209 6.84e + 0 5%+
0152 7 1235+ 005  1232+010 117e+ 10:1710 802+ 099209 366+ OPLE0 1 160+ 10L1610
0155 25  1#47+005  1449+010 965+ 0910 5150 4 0GB1=08 9 1det OL1L08 723 4 0gl 208
0157 7 1082+005  1081+0.10 357e+ 135710 237e4 1046710 1206+ 1042210 3 47e 4+ 10B4%+10
0159 3 1538+ 005  1537+0.10 394e+ 08208 1 10e+ 08HL208 2 gle . OGEXB | 5le 4 OgLoL:08
0162 9 1419+ 005 1421010 72le+ 0P80 3854 0838%08 68oe 4 OR4® 5414 OgE4Le08
0166 19 1189+ 005  1189+0.10 224e+ 1022%+10 15404 10L5%+10 70304 OQLOR00 2 D4e 4 1(R2410
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VCC Type' Magobs Mag mod Mtot M stellar Mgas M nonvis
ID [mag] [mag] [Gyr] [Mo] Mol Mol
[ [2] [3] [4] [5] [6] [7] [8]

0167 5 969+ 0.05 967+0.10 225e+ 112211 155e 115%rll 7050 (70510 D D5e . 225+l
0168 3 1640+ 006  1639+0.10 16le+09:2%08 gg0e 4+ 07862107 | 53p.4 0Q78%:0T 1 1 Ogl2lets
0169 3 1629+ 011 1622+ 010 149+ 084208 4174 074107 1 07e 4+ 08LOH08 57304 Q757307
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0994 25 1739+ 005  1739+0.10 158+ 08LS™08 108+ 08LO%I0E  4.94e 4 07499407 1 57g 4 OgLSTer08
0995 7 1464+ 005  1465+0.10 430+ 09720 230+ 0822%:08 407+ 0QL4%:09 3230 Ogi2ki0s
1001 3 1639+ 0.06 1639+ 010 179%+08:/%08 7884+ 0757207 100+ 08LO%08 1 1De 4 OgL12+08
1011 9 1432+ 005 1432+ 010 926e+ 094809 4946 4 0819908 g 76e 4+ OPLE0E G 9de 4 0408
1013 3 1600006 1596+ 010 175e+0%7208 9 36e 789807 1 Ge . QL5508 1 30, OgL32e:08
1017 3 1449+ 005 1449+ 010 120e+ 091200 796e 088108 4 0de 080408 1 15p 4 OQL1%er00
1020 25 1028+ 006  1627+010 240e+ 084%:08 15004 0ghl®08 g ge 0780807 2 oge | Og22%:08
1021 3 1464+ 005  1462+010 113e+ 091209 4096e+ 088208  62ge 4 08822108 7 0de + 0GL0408
1047 17 1154+ 005  1154+0.10 315+ 1031%10 5 17e4 1216410 g gge . QR8EH09 3150 1(R1%H10
1060 11 134+ 005 1538010 337e+ 083708 94304 07243107 D 420, Og42:08 1 g OgL2%:08
1086 23 154+005 12524010 100e+ 10-0%+10 6 .88c 4 0B8EI00 3 144 OQLeer0d g g7e 4 QG709
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VCC Type' Magobs Mag mod Mtot M stellar Mgas M nonvis
ID [mag] [mag] [Gyr] [Mo] Mol Mol
[ [2] [3] [4] [5] [6] [7] [8]

1091 5 1368+ 005  1367+0.10 960e+ 09020 512e1 01208 g 0ge 0P4609 7 o0 4+ 0g!2%08
1098 3 1667011 1655+ 010 1lle+ 095208 593e Q7581107 1 O5e QP30T g 34e , 0763407
1102 3 1693+ 0.06 1700+ 010 619+ 089208 331e4 0733007 5 86e 4+ OGEROT  4,65¢ + 074607
1106 3 1664+ 0.07  1667+0.10 157e+ 085708 946e+ 0751207 62le+ 07521807 1 3504 OgL3%08
1110 17 970+ 0.05 969+0.10 159+ 11-4%11 1 0ge 11987410 5pe 1(f5%A10 1 Bge 4 11L5%r1L
1114 3 1308+ 005  1399+010 125e+ 10:2%10 660e+ 086X 08 1 10e+ 10M1%10 g 4Qe 4+ 0g2AL:08
1118 7 12412005  1243:010 677e+ 10029 36le+ 0P 64le+ 1027750  508e+ 0900
1121 3 1622+ 0.08 1618+ 010 310e+ 08208 21304 0gL3%08 9 70p 4+ 072707 3 0ge + 0GI0808
1126 7 1191+ 005  1188+010 162+ 10-5210 1174 10HIeI0 50704 QP70 1 Gle 4+ 10L6IE10
1128 3 1607+009  1606+0.10 7.07e+ 082208 1 03e+ 0LE07 6 0de+ 082408 1 45e 4 OgLase08
1141 1 159+005  1559+010 31le+ 09898 1 66e+ 08LES08 2 9det OGLE®08 2330 4 02308
1145 5 1047+ 005 1045+ 010 746e+ 104210 51004+ 1(BI210 23404 1(R3%10 7 45e 4 (L4510
1156 7 1397+ 005 1399+ 010 792+ 0PLe09 42304 0812208 7500 4 OREE0D 5 94e 4 O I4e08
1158 17 1894005  1090+0.10 7.10e+ 1069%+10 4 86e 4 1041410 D 24e 1048%410 7 10 4 10710410
1165 25  1740+011  1731£010 119+ 08I0%08 33504 073307 g G0+ 072720 4,50+ O7L5%07
1166 3 1632+ 008  1632+0.10 1560+ 09:2%108 830, 07194107 1 Age . OQTEEH0T 1 17 OgLLrer08
1168 3 1661+ 0.05  1628+0.10 10le+09-9e08 54104 0753207 9500 + OI8O 7,60e + 0776007
1169 3 1748+ 008 1750+ 010 495+ 074207 1384 Q713807 3560 4 0735607 1 9Qe + Q719007
1179 29 1475+£005  1475+010 562+ 0%22% 300+ 089208 530+ OQLER00 4 21e 4 Ogi2ler0s
1186 25  1716+012  1711£010 13de+08LI% 3770+ 073707 96ge+ 0754607  517e+ 07 LYY
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VCC Type- Magobs Mag mod Mtot M stellar Mgas M nonvis
ID [mag] [mag] [Gyr] [Mo] Mol Mol
11 [2] [3] [4] [5] [6] [7] [8]

1188 15 1280+ 0.05 1281+ 0.10 612+ 0K1Z  406e+ 0% 206e+0RILH9  5gde+ 0g8He09
1189 7 1321+ 0.05 1320+ 0.10 498+ 0F7X0  154e+ 09137109 343+ ORLIR0  2.18e + 0P 18409
1190 17 105+ 0.05 1094+ 0.10 588+ 1058410 4. 04e+ 101310 1.84e+ 10482110 588+ 1058%+10
1193 7 1352+ 0.05 1353+ 0.10 193+ 10:3%10 103e+ 09-0%109  1.83e+ 1018210 1 45e + 09} 45009
1200 3 1470+ 0.05 1472+ 0.10 367e+ 09,5209 196e+ 08,9%:08 3.48e+ O9L3%t09 2 75e 4+ 0g27%er08
1205 7 1225+ 0.05 1225+ 0.10 544e+ 10852499 2. 90e+ 0RIE09  515e+ 104809 4,08e + 0908409
1208 11 1513+ 0.05 1516+ 0.10 292+ 0%2L'%  156e+ 08L5%08 276+ 093408 2106 + 0821%108
1217 11 1402+ 0.05 1404+ 0.10  92le+ 093X 0 4.9le+ 0813108 8726+ OgL3%09  §.9le+ 082908
1227 25 1652+ 0.11 1666+ 0.10 524e+ 089208 357e+ 0852108 1 67e+ 08L2%+08 5 24e 4 0g24er08
1237 29 132+ 0.05 1524+ 0.10 371le+09%9%%+% 1 98e+ 08LEH08 3 51e+ ORIE08 278+ 0827808
1257 3 1506+ 005  1594+010 253+ 08S%'08 707e+ 079107 182+ 0BLEZI08 9714 070710107
1266 9 1491+ 0.05 1492+ 0.10 523+ 082208 1 46e+ 08M4%108 376e+ 0878 2 0le+ 082908
1273 3 1445+ 0.05 1446+ 0.10 123+ 091220 818e+ 0842108 4150+ 08108 118+ 09109
1287 3 257+ 5.10 2579+ 010 223e+ 042204 623e+ 030220 1 6le+ 04418108 g5ee 4 03560
1290 5 125+ 0.05 1225+ 0.10 665+ 10832199 3550+ 0P 5*0? 6200 + 10332409 4,908 + 0, 2%+09
1294 19 1469+ 0.05 1470+ 0.10 993+ 089%+% G508+ 08164108 334e+ 08334108 9.48e + 0845108
1313 1 1664+ 0.05 1677+ 0.10 558+ 0742%:07 187e+ 07587107 3.71e+ 07238407 2 6le+ 072507
1326 17 126+ 0.05 1227+ 0.10 109%+ 1049210 7.26e+ 0922100 3682+ OFSL09  1.04e+ 10-3%+10
1330 17 1128+ 005  1125+010 429+ 135210 292+ 102410 13704 10M%H10 4200 4 1(f:2%+10
1331 25  167+011  1650+010 265+ 08308 74204 07742107 1 9let OgL2%H08 1 0o OBLIZI0S
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VCC Type- Magobs Mag mod Mtot M stellar Mgas M nonvis
ID [mag] [mag] [Gyr] [Mo] Mol Mol
[ [2] [3] [4] [5] [6] [7] [8]

1336 25  164+010 1688+ 0.10 645e+081%08 3440, 07322407 g 11e+ OGSEN0T 4 8de + 0748407
1356 11 1475+ 005  1477+010 36le+ 09499 193e+ 0819208 342+ 0GL2er09 2 71+ OG71e08
1358 30 1446+ 005  1454+0.10 85le+09L2e09 454e+ 085%108 g OB+ 0108 6384 08308
1361 25 16774011  1676+0.10 177e+09L9%1%8 943e+ 07242107 167e+ 0P IR0 133+ 08LIX08
1374 1 1410+ 005  1410+0.10 648+ 04200 346e+ 0834008 613e+ 0LIE0  4.86e+ 088508
1375 7 1140+ 005  1140+0.10 104e+ 1120%711 5564 0309 ggde+ 1008410 7.700 + 09L 1209
1377 3 1470+ 006  1471+0.10 7.34e+ 083208 205e 0g20%:08 528+ 032708 D 8D 4 OgRE2:08
1379 7 1193+ 005  1194+0.10 772+ 10:2270 412e+ 0941209 73le+ 1063199 570+ 07209
1393 7 1272+005  1274+010 376e+ 183X 20le+ ORI 3560+ 10832109 2 goe 4 OQR82109
1397 3 1772+ 009  1768+0.10 37le+0KEX0T 1980+ 0729107 351+ 0822407 2 78e 4+ 0727107
1403 3 1625+ 007  1625+0.10 356e+ 083108 9goge 0799107 257+ 0BL708 1 37¢ 4 OgL3Ter0s
1408 25 1609+ 011  1695+0.10 212+ 083108 59501 07292107 1 53¢+ 083%:07 8 16e+ 07816107
1410 11 137+005  1378+0.10 123e+10:329% 654+ 0308 116e+ 1010%:%9 9,100+ 0821208
1411 1 1490+ 005  1490+0.10 499%+ 098708 266e+ 0 472+ 04L08 3 74e 4 0gl 708
1412 17 1071+ 005  1069+0.10 7.2%+ 102210 50le+ 108910 220e+ 102210 7.200 4 10[2%210
1413 25  1720+010 1716010 230e+08M4€08 6 4de s 075407 1 G6et 081507 8 8de+ 078407
1419 23 154+005  1256+0.10 84de+ 0P 560+ 090109 2 8he+ OLTE0 g 05+ 09 I09
1426 3 1481+005  1478+010 183e+09-1%0° 511e+ OLE08 13001 0RKIL  702e 4+ 0892108
1427 29  1464+005 1469+ 010 66le+ 0208 353, Ogis®Ri08 §o6e OPSEIB 4 95e 4 OG:IC08
1435 3 1349+ 005  1349+0.10 232+ 102890 124e+ 09-2%:09 220+ 10114199 1 74+ 09174409

continued



ved

VCC Type' Magobs Mag mod Mtot M stellar Mgas M nonvis
ID [mag] [mag] [Gyr] [Mo] Mol Mol
[ [2] [3] [4] [5] [6] [7] [8]

1437 1 1438+005 1440+ 010 89le+ 09L1®0 4750 087208 g 430 095808 g Gga , ()gEEE:08
1442 9 1385+005  1385+0.10 122+ 10:320° 5204+ 085208 1 164 101009 g 16e 4 OGILEN08
1448 25 1313+005 1314010 258+ 1080%19% 138e4 QL3109 D 4de 1022%199 1 9de + OGL%r09
1450 7 1244+ 005  1247+010 360+ 1032709 1926+ QOLIZ0 34704 152400 2 70e + 07009
1455 3 1589+ 0.05 1589+ 010 213e+ 033808 1 1404 08LLL08 5 (e 4 OGLEE0E 1 GQe 4 OGLE008
1459 1 1588+ 005  1587+0.10 26le+ 02208 1300 0gL3R08 2 470 QL2808 1 oge 4 OgLIce:08
1465 3 1505+ 006  1474+0.10 582+ OE08 1§30, 0gLE%08 4100, 0g331r08 D 30 Og22%i08
1468 3 1546+ 0.05 1550+ 010 298+ 082IE08 836+ 078307 2 1504 OGRLR08 1 1504 OgLLI08
1507 11 1481+005  1483+0.10 593+ 09/ 31604 0831108 5plet OQB0I08 4 45e . Ogha%e:08
1508 7 1172+ 005 1172+ 010 726+ 1072210 38704 QB8 68ga 4 1(fE710 5 44e 4 OGP 44100
1515 3 17184009  1720+0.10 373+ 0820 1994+ O7-67:07 35384 08342107 2 70p 4 7272407
1516 7 1210+ 0.05 1209+ 010 842+ 10L9%10 440e+ QG420 797e 4+ 10412109 6 31e 4 QP 3109
1524 9 1264+ 005 1260+ 010 283+ 11209 15le4 094409 2 6ga 4 136209 D 100 4 OPRL209
1529 9 1393+£005 1394+ 010 122e+ 10:3%00 G 54e+ 0885208 1 16e+ 10102109 g Qe 4+ OgL%:08
1532 7 12804005  1283+0.10 347e+ 15520 1850+ 098209 3200 10308109 2 Gle 4+ QQREL09
1540 5 1017+005  1015:010 117e+ 1181l 774e4 1855410 393e+ 1035210  11le+ 1111111
1552 17 1125+005  1124+010 343+ 10342110 23504 1(23%410 1 07e4 10007410 34304 1034%H10
1554 11 1157+005  1160+0.10 118e+ 10L1&10 330e; 033009 g Age . QBA%H09 4530 Qh5%109
1555 7 969+ 0.05 972+010  73%+ 11212110 394e 103110 §90e+ 11362410 554 1(R5ker10
1557 7 1339:005  1341:010 245+ 103929 131e+ 0913509 23004 1012000 1 .8de+ OOLEL:09
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VCC Type- magobs Mag mod Mtot M stellar Mgas M nonvis
ID [mag] [mag] [Gyr] [Mo] Mol Mol
1 [ [3] [4] [5] [6] [7] [8]

1562 7 1016+ 0.05 1016+ 0.10 558+ 1182%+10 2 98e 4 10298410 528e+ 1127%10 418+ 10418410
1566 9 1448+ 0.05 1448+ 0.10  146e+ 09L2%99  4.00e+ 0819%108 1 05e+ 0921108 5.62e + 086208
1569 7 1488+ 0.05 1492+ 0.10 460+ 092208 2 45+ 08245108 4350+ 09} %08 3 45¢ + 0834508
1572 1 1535+ 0.05 1539+ 0.10 527e+ 083208 187e+ 0887108 3.40e+ 08L3%+08 2506 + 0g25%:08
1574 23 1645+ 0.05 1646+ 0.10 25le+08-3%:08 1 1le+ 08342107 1.40e+ 087207 157+ 08L5/er08
1575 11 1276 + 0.05 1276+ 0.10 595+ 0RIX0 395+ 09F%+0  2.00e+ ORIL? 568+ 09G%09
1581 11  1D3+005  1391+010 124e+ 10M97%%% 663+ 085X 1 18e+ 10HL00 9396 4+ 032408
1582 25 1614+ 0.07 1614+ 0.10 168+ 0%8%:08 897e+ 07297107 1508+ 09hé%08 1 26e + 082508
1585 3 1466+ 0.05 1466+ 0.10 166+ 0915209 242e+ 08221108  1.42e+ O9L4Z409 3 4%e+ 0834ler08
1588 7 1154+ 0.05 1154+ 0.10 183+ 10:8%H0 12104 10837499 6.14e+ 0P 1L 1.74e+ 10L74+10
1596 3 1714+ 0.07 1716+ 0.10 418+ 087207 223e+ 072107 396e+ 0&SX0T  3.14e+ 0731% 07
1605 9 1661+ 0.06 1663+ 0.10 803+ 08,4208 4200+ 07422107 7.61e+ 08/3%e107  6,03e+ 0722%:07
1615 5 972+ 0.05 969+ 0.10 143+ 1134%11 970e+ 10972410 447e+ 104476410 143e+ 1134%+11
1623 29 199+ 0.05 1605+ 0.10 167+ 0992408 g 92e 4 0784807 15804 0RO 1 25e 4 0825408
1624 7 1278+ 0.05 1278+ 0.10  7.46e+ 09/22+9 4,958+ 0P 509 2516+ OR2209 7,106 + 09 12209
1644 11 1680+ 0.06 1669+ 0.10 657+ 08L22108 3508+ 0734107 622+ 0837807 4.92e + 0749207
1645 25 1757+ 0.14 1761+ 0.10 695+ 0759207 3.06e+ 0722707 3.89e+ 07248407 4,35 + 073507
1654 3 1548+ 0.05 1549+ 0.10 225+ 0947%:08 120e+ 082298 2.13e+ 02708 169 + 08L5%+08
1656 25 1988+ 0.06 1592+ 0.10 292+ 0808  176e+ 08127208 116e+ 08592108 252 4 08252108
1675 15  1372+005  1372+010 218e+0%P1E0 132+ P48 g 6de . 0gELS 1 gge 4+ OQLEE00
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VCC Type' Magobs Mag mod Mtot M stellar Mgas M nonvis
ID [mag] [mag] [Gyr] [Mc] Ml Ml
(11 (2] [3] [4] [5] [6] [7] [8]

1678 9 1365+ 0.05 1359+ 0.10  110e+ 10f3%'% 5.8% + 0852158  1.04e+ 103/21%  8.27e+ 085508
1685 9 1542+ 0.05 1544+ 0.10 188e+ 0328 1.00e+ 0812107 1.78e+ 0F3L08  1.41e+ 08Laeros
1686 11 161+ 0.05 1260+ 0.10 283+ 1005295 1.51e+ 095008 2.68e+ 10520 2.12e + 0% 22+
1690 17 27+ 0.05 925+ 0.10 162e+ 125217 1.07e+ 117210 54de+ 100579  154e+ 11130412
1696 7 1081+ 0.05 1078+ 0.10 373+ 103L210 2.48e+ 105210 1.26e+ 1052%+19  3.56e+ 1033%+19
1699 11 1373+ 0.05 1374+ 0.10  984e+ 09 5%+% 5.25e+ 0822158 9.31e+ 0F 300 7.37e+ 08537er08
1713 29 1543+ 0.05 1540+ 0.10 239%+ 0% 308 1.28e+ 082208  2.27e+ 0%5%%8  1.79% + 0857258
1725 11 1376+ 0.05 1377+ 010 1lle+10}71e1S 5.93e+ 0&9x 1.05e+ 1073219 8.33e+ 0833%08
1726 9 1463+ 0.05 1464+ 0.10 673+ 0&7208 188e+ 08/5%+08 4.85e+ 08}5%+%8 258+ 0825%+08
1727 17 918+ 0.05 915+ 010  235e+ 1133%1  162e+ 113X 1 7.37e+ 1058%+10  2.35e+ 11332417
1728 3 1591+ 005  1596+0.10 195+ 0708 1 0de 08L0r08 1 8le 4 QMR8 1 AGe 4 OBLA:E
1730 7 1149+ 0.05 1147+ 010 278e+ 105215 1.91e+ 1055210 8.72e+ 0720 2.78e+ 1057%+19
1744 1 1633+ 0.05 1640+ 0.10 126e+ 08/ %00 4.43e+ 0725807 8.1de+ 0732X:07  6.17e+ 070372457
1756 25 1741+ 011 1733+ 010 119+ 089308 3.33e+ 0753207 857e+ 075555  4.58e+ 0733557
1757 17 1277+ 0.05 1279+ 0.10 610e+ 0FIX'?  4.05e+ 0% 2% 2.05e+ 0% 582+ 0% 32499
1758 7 1409+ 005  1411+010 118+ 10M51°0° 6280+ 08828108 1 11e+ 10P0e08 g gop 4 OgEE2H08
1760 17 1136+ 0.05 1131+ 0.10 380e+ 103,215 2.61e+ 1035210 119+ 1075219  3.80e+ 1035%+10
1776 25 1678+ 0.17 1666+ 0.10 168e+ 091208 8.98e+ 079gx0l 1.59%+ 0%F2R+07  1.26e+ 0852%+08
1778 15 1345+ 0.05 1347+ 010 200e+ 105,229 1.07e+ 091329 1.90e+ 1073509 1.50e + 09r35%+99
1784 3 1587+ 0.07 1589+ 0.10 404e+ 085208 2.77e+ 08;52'08  1.27e+ 0852198  4.02e + 0839558
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VCC Type' Magobs Mag mod Mtot M stellar Mgas M nonvis
ID [mag] [mag] [Gyr] [Mo] Mol Mol
[ [2] [3] [4] [5] [6] [7] [8]

1789 3 1451+005 1453+ 010 7.88e+ 0902109 421e 082108 7 4Ge | 09h04:08 5 ole , 0gEILer08
1791 11 1389+ 005  1390+010 126e+09-2%:09 3530, gisei08 g (074 0GL0H08 4 g5e 4 Oglexr08
1804 29 1905+005  1507+0.10 572+ 09/%%% 30504 0g30%108 541e+ OR8®08 420 4 012108
1811 7 1213+ 005 1215+ 010 577e+ 121209 308+ 0PBIE0 5460+ 10PLR00 43¢ 4 093209
1813 17 103+005  1002+0.10 129%+1112%+11 ggBe  1(B8%H10 4 04e 1040%:10 1 oge 1712011
1816 3 1549+ 006 1542+ 010 199+ 07208 1 06e+ 080208 1 80e+ 0P44e08 1 50 4 OgL5e:08
1821 11 1688+ 006  1685+0.10 199+ 08508 6 17e 4 075107 13704 04107 8700 Q7872407
1822 3 1586+ 0.05 1584+ 010 176e+0FI=08 9364 0793807 1 6Ee 4+ OGLER08 1 3004 OgL3208
1825 25 129+ 006  1531+0.10 565+ 085%8 37504 08262108 1 90e+ 08L%:08 530 4 GE3%:108
1834 19 1204005 1217010 124e+ 10-2%+10 g51e+ 0PSE09  388e+ OG8RI 1 230 102310
1837 25 197+ 006  1601+010 279%+ 087208 168+ 082108 1114 0LIE08 D 41e 4 Og2iler0s
1855 19 1472+005  1473+0.10 927e+ 082298 5500 0g10%108 3 67e+ 08367108 g 00 + 08I0%108
1859 17 1166+ 005  1164+0.10 202+ 10M9%10 130e4 1092109 63304 032109 5 0le 4 1(20%H10
1860 25 1022+ 006  1634:+010 1lle+09L8%:08 592 07592107 1 OB+ OQ74%0T g 30 4 (7832107
1868 7 1257+005 1252+ 010 132+ 10:e10 900e+ 0PI09 4 21e4 091809 1 3p 4 1(L32+10
1873 11 107+ 006  1626+010 430e+ 089108  §28e 4 07552107 3674 0BLA208 g ghe . (7885407
1883 19 1114+005  1112+010 385+ 1038%10 2 edet 1026%+10 1 21e4 10121410 3850 4 108510
1884 25 1383+010  1564+0.10 158+ 0R5208 gAQe 07708107 1 4ge QL4208 1 180 OgLite:08
1885 3 159+ 006 1559+ 010 577e+ 08708 254e 08L84er08 3930, 0gi2®08 3 Gle 4 0gI6Le:08
1898 25 1499+ 005  1499+010 810e+ 08LEH08 5380, giseer0d 735, Q7208 7730 Ogl73+08

continued



8¢€¢

VCC Type' Magobs Mag mod Mtot M stellar Mgas M nonvis
ID [mag] [mag] [Gyr] [Mo] Mol Mol
[ [2] [3] [4] [5] [6] [7] [8]

1900 25 1548+ 006  1554+0.10 353+ 093%108 188e 4 08L7E08 334 OOLSE08 ) G5 (g265e08
1902 19 1234+005  1235+010 105e+ 10M0%+10 72304 0gP9%:00 33004 QP30 1 O5e 4 1(0%0%+10
1905 25 1674+ 017  1676+0.10 359+ 0822%:08 100+ 08LI%:08 D 5ga OGT080T 1 3ga 4 OgL38er08
1906 19 130+ 005  1500+0.10 9lde+ 0837108 62ge Ogllei08 D ghe | g28E:08 g Oge 4 0GI0%:08
1918 3 1609+ 0.05  1611+010 103e+09-0209 551e 4 Q7351807 g 780 4 OG7E08 7750 4 Q71107
1920 19 1468+ 005  1471+010 984+ 088%108 5304 0816208 3314 Og3L08 g 30 4 OgIIX08
1923 11 1206+ 005  1207+010 999%+ 0% 60364 03100 396 4 OPEILI00 g G2 4. OGE62109
1929 7 1288+ 0.05 1289+ 010 33le+ 1052209 177e+00LI700 313+ 1(R9X100 2 48e 4 0409
1931 3 1508+ 0.05 1509+ 010 274e+ 0908 1 46e+ 0813208 2 6Qe 4+ P08 2 Oe 4 OG0
1932 7 1213£005 1210+ 010 1lle+ 10-1e10 7.40e 32109 3750, 075109 1 Oge 4 1(0L0%+10
1933 17 198+ 007  1600+0.10 132e+0%PR4E:08 7050 076807 1 D5y OQL7%er08 g 9Qe 4. 072.902¢07
1943 5 1129+ 005  1127+010 233e+1B3X10 15504 10HI0 78504 QQ78%R109 2 530 4 1(P23410
1944 31 1619+ 005  1616+0.10 367e+ 0838108 D 5e 0g24%i08 1 150, OgLl%e:08 3 Gge 4 OGIE%:08
1952 3 1582+£005 1582+ 010 258e+ 085808 7200 07722107 1 gge . OgLee08 g gle 4 O729%e07
1955 30 1274+ 005  1279+0.10 456e+ 10E5%199 2430+ OR4209 43004 10197109 3 42 4 Q342109
1960 29 17839+ 006 1737010 452+ 0822107 2 4le4 07241107 4284 0810207 330 4. 0733%407
1965 3 1588+ 0.06 1590+ 010 21le+ 03208 1130, 0glLR08 5 (e 4 OGLEERI0E 1 5ga 4 OgLoE08
1970 3 000+-9999900 19800+ 99.00 000+ 0029%:%0 0 00e+ 002I%% .00+ OCRIL 695 — 31(pI%-310
1987 7 123+ 005 1024+ 010 44%+ 1158210 240+ 1(R4H0 4254 11220410 3370 4 1(R37e10
1992 3 1528+ 005 1530010 2150+ 06208 1 140, 0gL0208 5 (3p4 ORE®08 1 Gl OgLoler0s

continued



6€C

VCC Type- magobs Mag mod Mtot M stellar Mgas M nonvis
ID [mag] [mag] [Gyr] [Mo] Mol Mol
1] 2] [3] [4] [5] [6] [7] [8]

1994 25 1644+£007  1637+0.10 419%+ 083308 2 gga Ogl8%:08 1310, Ogl22:08 4 10 Ogl1%:08
1999 17 1193+ 0.05 1191+ 0.10 217e+ 10;5%'10 1.48e+ 1013%+10 6.85e+ 01200 2.17e+ 1053619
2006 9 1306 + 0.05 1311+ 0.10 334de+ 104122499 17804+ 0917809 3 16e+ 10L6%109 2 50 4 OGR50+09
2007 29 120+ 005  1522+010 380e+ 0208 2 (34 0208 3 60e+ 0P 2 goe 4 (g285e+08
2015 1 1560+ 005 1558+ 010 249%+0%PIX8 1330 0gL308 2 3604 OR2E:08 1 g7e 1 OgLBTe:08
2023 7 1382+ 005 1335+ 010 176e+ 1028209 94le+ 084008 1 67e 4+ 10L61109 1 3Da 4 QL3209
2033 1 1454:005  1454:010 657+ 0G0 351e+ 05108 6220+ ORI 4.93e + 089108
2034 3 1510+ 005 1509+ 0.10 390e+0FLe8 2 0ge+ 0820808 360+ 094%:08 2 9p 1 Og2 92108
2037 3 1483+ 005 1486+ 010 457e+ 092208 2 44e 023008 43304 ORI%108 3 43e 1 Oglede:08
2058 7 1069+ 0.05 1057+ 010 473+ 1047219 314e4 10226410 1500+ 1015210 4520 4 10452410
2066 15 1254005  1125+010 238+ 1023%+10 15804 10110 g Qe+ QPR 2 7e 4 1(P276r10
2070 17 128+ 005  1025+0.10 954e+ 1005410 G550+ 10655410 299+ 1292110 954e + 1075%+19
2089 31 1904+ 005  1508+0.10 188e+ 09710 120+ O9L1809 5 94e + 0G0 1 88e + 0918809
2090 25 1500+£005  1499+0.10 538+ 0F78 2 g7e 4 02808 5 10e4 OQREEI08 4 0de 4+ 080%:08
2094 3 1768+ 0.12 1759+ 010 906e+ 0778807 2530, Q7252107 530, 074412407 3 4ga 4 (7348207

Results from GALEYGAZELLE runs (Part I).



Table 6.5: Results from GALEMGAZELLE runs (Part II).
Upper and lower values correspond to the minimum and
maximum values of the GAZELLE output.

ove

VCC Type-  Zas SFR T E(B-V)
ID Mo/yr]  [Gyr]  [mag]
[1]  [2] [3] [4] [5] [6]
0001 003%os 002275 5 0.00285:5;

1
0004 3 000129 0Q1€0%7  25%  0.015390%
0010 1  0001°9% 0097%2 25 (1877900
0015 7 0001099 (014496 255 (020029012
0017 3  0004% 004698  15%  0.0093%%
0020 24 (0007%% 0020%7 44 0.2008950
0022 1  0001°9%% QO5(R%L 25 (01470
0024 1 0001291 (010(RY3 25 (01434935
0025 7 0001299 13521352 o525 QOIS
0026 3 000729 001F%7 44 0.0552900
0030 3 000750 0.04%0% 455  0.0587g5g
0031 24 (0001221 00F%2 25 (0102790

065 0.1363
0034 7 000129 01299 2510 (06212009
0041 3  0001°9% 002796  25% (121000

0048 9 00029 016117 250 0043099

continued



VCC Type-  Zpas SFR - E(B-V)

v

ID [Mo/yr]  [Gyr]  [mag]

1 2] [3] [4] [5] [6]
0052 3 0001399 0.0149% 255, 0.137¢%%%
0058 5 000109 1038389 25 0.189590%
0066 7  00010%% 269247 255 0.0984%9%
0067 7 0000 030229 250 0.09489%301
0073 5  003Chgy; 037%%3 55  0.121¢330
0074 1 000199%;  0.044028 255 0.174€%%!
0081 7 00013055 0.11¢89% 252 0.0417950°
0083 3 00010 0.079%9 255 0.13279%%
0085 3 0009 0011999 105, 0.0098%9%
0087 11 00019 013101l 2510 (0444000
0089 7 000 290455 25 0.214%77%

002 5 003 0628T & 00ISHIES

0093 25 (0001°%% (01%4  25% 00362909

0094 19 003392 0008%° 3  0034¢%27

0097 7 003G 0343% 5 0054

0009 17 03 004B%E 5,  0.0544%

0104 25 (00013%%1 0.009%%  25%  0.000¢39%0

0105 9 000120 (502472 255 (14141%

0113 24 0007330 0.028938 41,  0.082€3%00
0114 3 000193 0.0479%8 25, 0.19939%%°

continued



cve

VCC Type-
N SF
" Z 5 /R] [ . E(B-V)
o/Yr Gyr
[1] [2] [3] [4] [5)]/ | [r[g?g]
0117 0.001
3 000209 002392 25,  0.000%%
0119 7  0001%: 063 200
1007 0'06%107 253 0'000(8'0000
0120 7  000R%®L (0g3@EH e 1302
1001 - T3
0122 19 03ELE 0008%R 3 D000
033 ) X 0
0126 9 000 0.001 222 : 0.000(8.0216
01 021218 25 (1268017
0128 25 (DOLYL 55 o5, pors
01 0179058 255 027709
0130 1 0008 001g% 25, 200
01 00160 25 001459
0131 7 003G 085 S 0,021(0210
030 00899 5 0.021Q%2W
0132 3 000 0.001 0 .024 y 9000
01 0027094 25 003589
0135 23  (03Q%L  0.07CRoY i 90000
1033 - 9550
0137 25 (00251 o g .
01 001292 65 0.03093%
0143 7 0001000 05 pes e
01 013008 25 021500163
0144 1 001(P9% 1, 200
09 003298 10, 0.0064%%
0145 v 00010.001 0589 ~ P
01 1851099 255 (220013
0152 7 003 ol g 200
030 05BN 4 0024490
0155 25 (DO 01 200
01 019Q% 25 02314990
0157 7  003(RY%  0.8968% 5. o000
0o ) .0000
0159 3 000R%®4 0O7E08 g4 e
0.007 -07%078 47 0-055%0000
0162 9  0001%: s o5l 0z
01 0146138 255 0063992
0166 19 (3R  (0Q0RoX 30 i
1033 - 1002 33 0'053%8‘5122

continued



eve

VCC Type-  Zas SFR T E(B-V)
ID [Mo/yr]  [Gyr]  [mag]

[1] 2] [3] [4] [5] (6]
0167 5 0033%2 0.02¢%% 3% 0.13291%°
0168 3  00013%%1 0.03F%L0 255 0.2199920°
0169 3  00075n; 0.03Ghg; 4% 0.000Q 000
0172 1 000%gy, 0121533 25 0.0425%%
0181 25 000199% 0.0089% 258, 0.108899%
0187 7  00013%%1 1060338 255 0.297499%
0190 25 000499 0.02609% 15 0.1597%95%
0199 17 003F%2 0.00F9% 33 0.0934%1
0207 1  001Chgyy 0.0075s 105 0.000(ho7
0213 23 0001899 o042 255 0.22149%7
0217 3 00075p 0073575 4% 0.030405,
0221 7 000159 0867984 255 0.1492121
0222 17 003F%2 000490 3}  0.09269863
0223 1  00013%% 0.0415%26 255 0.126@%7°
0226 7  003CR%% 0.6619%1 55, 0.0584%
0234 17 0033%2  0.00¢%% 25 0.033¢%2r
0237 29 000799%¢ 0.025%% 44 0.036739%
0241 9  000799% 018712 44 0.0000}39%
0247 3 00045 00235 15 0.2507%%5
0252 25 003B%%L 0.00139% 55 0.000039%°

continued



1444

VCC Type-  Zas SFR T E(B-V)
ID [Mo/yr]  [Gyr]  [mag]

[1] (2] [3] [4] [5] (6]
0260 3  00013%% 0.028%8 255, 0.095(¢%9%
0267 5 00013%% 0567235 25 0.1198%1°
0274 1  000%g; 0.01Z%g7 25 0.013g75%
0275 25 (000199 0.2521% 25 0.1569%1
0282 25 000199 0.0159%® 258 0.130491%
0286 3  00013%% 0.03x%22 255 0.123¢%4°
0289 7  000Lgy 019G, 25 008770,
0293 25 00149%! 0064% 8 01153928
0304 25 00T5py; 0.03%EE: 25, 0136475,
0307 7  00013%% 1565980 255, 0.153%%4e0
0309 3 000159 0.03%8928 2512 0.037(39%
0312 19 003F%2 000159 3%  0.0754%%
0318 7 00049 0.18818 15> 0.0027%9927
0320 3 0007y, 008455 45 0245270
0322 3 00013%% 016710 255, 0.14329%%
0323 17 003332 0.02159° 42  0.05589%7%
0324 1  000159% 0.22821> 25> 0.043¢%2L7
0328 3 000199 0.0319926 250 0.048899%
0329 3  00013%1 0.0069% 25} 0.000(¢%9%
0334 1 000159 0.06F%: 2525 0.0542%4

continued



ave

vee i
Type Zyas SFR T E(B-
ID Mo/yr] ]
o/Yr Gyr
1 2 [3] [4] [[5)]/ | [r[g?g]
0340 000
1 000L%! 018618 255 01233122
0341 17 (032 o g a6
055 0.0045008 33 0075485
0342 19 00392  0,00109% 0s12
02 0000 30 00478044
0343 9 000D 011997 2% 013790
014 : 1380
0350 3 000 0.001 éig 5 o 5000
ons  0.03Ghg; 255 01005565
0354 25  (003(P%%L 0w 5 o000
oss  0.0223%7 5 0.0148555
0358 17 03302 00000 3P oaee
033 : 086t
0364 3  00072%! o g "y
0oss 005205 4y 0.2704357
0366 19  (03(R%%  0.10199% o000
01 010093 5 0011499
0367 3  0007R% w g s00
0oss 0277555 4 03197375
0371 19 032 00000 3P 0
02 000 3P 0.09169%52
0373 19  (003R% w0 ozce
00 00000 20 0.030(028
0375 19 0039 o g o519
02 0002%9 3 00385
0379 3  1000-0% 000 o000
000 0.00Chg50 05  0.000¢5500
0381 3  0001%: 013 200
01 002003 25 0090899
0382 7  0001%: 5 e 110
0L 9 19R1B 25 (1401403
0386 17 (030 w o1
032 0000 20 0022008
0393 7 000 0.001 277 0000
01 085R21 255 0,.192(09%0
0404 7 003 oz gy 200
oss  0.06%753 5 0.0772 3508
0408 19 00392  0.0069% o 0525
033 .006) 506 33 00997555

continued



e

VCC Type-
a
» Zyas [MSF/R . E(B-V)
o/Yr G
[1] [2] [3] [4] e [5)]”] [r[g?g]
0409 0.001
25 000L%I 00089 25 0.1203%0%
0410 1  001(p% o 10f, 200
1017 0'0068:018 10‘21 0'000(8'0000
0413 3 00010%% 0 o5 oo
1025 0-01682016 2525 0.164G 783
0414 25 (03QYLL 00089 5 200
00 ) X 0
0415 9 000 0.001 852 % 0.000(8.2735
01 015909 258 (16812050
0423 3 000R% 00 45 200
0.033 0'30%302 42 0 37968'0000
0425 3 0032 000X I, O 207
1033 . oass
0428 1 000%009 832 25 0'254%.6539
031 0-00%024 10? 0-000(8'0000
0429 29  (00RY% 0071002 A 02100060
0446 29  (014L% 02 g i
014 0'05%084 85 0'054(8'0540
0448 3 0001% oi6 o) 200
01 010 250 (0582900
0449 5 001892 06734 &, gass
025 . i
0450 19  003(PY%L 0028313% 55, 0323(88659
0o ) .0482
0453 11 CDO 0050 é?? 25 0048%3243
01 0050 25 0,190
0459 1 0001000 PR 0252
01 (11011 25 (0352032
0460 17 003 0w g o053
032 001B%% 3 00116953
0465 7 000 0.001 161 i o4
001 1934161 pEl5 (04620244
0472 25 003 00080 4. 200
1033 0015041 4 0-000(8'0000
0476 3 000 0.001 0.002 % 5000
01 00110002 25 01284909
0477 3 000R®: 003 4L e
0.014 - 1039 45 0'16078:(1)233

continued



VCC Type-  Zps SFR T E(B-V)
ID [Mo/yr]l  [Gyr] [mag]
[1] [2] [3] [4] [5] [6]

LY

0479 3 00012%% 0.03g%4 255 0.123491%0
0483 7 100099 0.00¢49% 09 0.000@3%0%0
0488 3 0001399 0.018%%7 255, 0.15199%%

1519
0491 7  0009%% 077874 25  0.000%0%
0494 25 0003 01190 255 0.21842%0

0497 7  1000:3%  0.0009% 0  0.000¢3%3
0509 9 0002 006 101 001090105

.087 .0749
0512 11 000120 006%%6 25 0.087590%
0513 1  0001°0% (17496 25 (02480

0514 7  0009%7 017331€ 10!/, 0.089¢ 90
0520 3  000%! 00059 25, 0.0703%0%
0522 17 (030 0058 40 0,000§L%
0524 5  003F9% 00039% 3 008815550
0530 3 000457, 0.084%; 105, 0.039%%%
0534 17 00392 0000%° 20 000430
0546 25 (0012% 010M% 25 0198729
0559 17 (03P 011492 4.  0.000§LL
0562 1  000R%T 005497 4%  0.0090%%
0566 11 000R% 003992 43 0.000%L%

0567 7 00BE 0428l 25, 01954

continued



8v¢

VCC Type-
a
" Zyas [MSF/R . E(B-V)
o/Yr G

" o o yr]  [Gyr] [mag]
03322 00049 32 0.0463%%
0574 25  (DO7000% 023 1654
0004 0060 43 0.314510%
0576 5  003(Po0L 40 55 1620
0L 034030 55 016281628
0583 3 00OR%®L (150098 o pirel
o ) .0261
0584 3 mz?gooj_ éii 25 0'224?8.2247
1030 0-020&108 63 0-000(8'0000
0585 3 000 0014% 259 0,066
1009 - rre
0593 23 (000100 101 e et
0L 0162101 25 (.163(Q0%
0596 7 mo oo .68 25 .1630
01 30438689 25 0237482

0437 2 237@
0618 3 00012991 0,019 2515 0,0058%000
1004 . 08
0620 11 0001000 50 s pesetic
01 05PU0 255 0079597
0630 9 003X  0.241924 3 000
1030 2415, 52 0000(8'0000
0633 25 (03N  0.0050% " 0,00002%
01 0009 52 0.000(Y
0641 1 000 0.001 0 0.013 2 o000
01 0041003 25 00873999
0651 25  (0OBL o pep 200
1033 0'03%058 25% 0'174‘80000
0654 19  003R%Z  0.0069% 5 osas
1033 '0068:297 32 0.1012933%
0655 1  0001°% 213 200
011439213 255 (25269900
0656 5 00302  0.1049% © o700
032 ) .0700
0657 19 0039 2 s ol
032 000290 3 0.1258119%
0664 7 000710001 0.331 g 0000
01 (33081 25 0,000
0666 3 000100 00302 i 056
014 - 1039 2525 0.167 :gggi

continued



6v7¢

VCC :
Type-  Zps SFR . E(B-
ID [Mo/yr] ]
o/yr G
[1] [2] [3] [4]y [[5)]”] [r[rf];g]
0667 001
7 003R%% 01011 55 0.0000%%
0672 19 (03! w g2 0000@H
1033 0-02"{8:908 4% 0'000(8'0000
0679 11 0001000 028 1 o000
01 008(Po28 25 0162899
0688 7 003 0,104 55, o000
00 . .0000
0692 7 000 0.001 ;gg % O.OOO Sor
014 1'12@:128 2525 0.13510372
0697 7  000100% 223 a0
01 0708223 25, 0234430
0699 7  000100% ) g0 o00e
01 45030 250 (06480008
0703 3  0004%% o s oscc
1009 0-():I-Z%oz? 153 0-112%0666
0705 25 04N 005LR 15 2000
01 0051000 15 0.2621000%
0713 7  0033% 000 5 0083
032 0060 495 0,047(R2083
0739 9  0001%L 30 250 0034900
01 026920 2510 00348000
0740 11  (0ORYL 0 o5 a0
01 0047008 250 (0546000
0768 7  00OR%®L (013008 B otos
014 . g
0780 25 00PN O o 10 .
014 -02(81045 105 0'119%0760
0792 17 03B  000Bo® 39 o000
033 . 0y
0793 3 1000890 0O o0 g o
1000 -00(8'000 0 0 000(8'0000
0801 15 mo 0.001 .945 > ' o6
1 15005 258 (123018
0802 1 00OR%L (0020l ot 0000
1017 . oo
0809 7  0025%! 100 SRyt
01 010919 6, 002339
0825 3 Q0ORWL Q7202 o5 0000
1025 . %072 2525 0'179%(1)838

continued



04¢

VCC Type-
a
" Zyas [MSF/R] T E(B-V)
o/Yr Gyr
[1] [2] [3] [4] [[5)]/ | [r[g?g]
0826 .004
3 000£%% 00997 15, 0.0382%0%
0827 7 00289 g oro
1025 0'38%383 62 0'070%0708
0836 17 3QNI 1066:% 5. 0 00371
1030 - 245
0841 1 000 0.001 (7)2; % 037 S22
01 (16002 255, 0.221(§%22
0849 5 000 0.001 478 ° 5000
014 0'7478:747 252 0.1013 957
0851 7  CO3QRY 5 55 o0
1030 0'10%733 52 0.000G 582
0857 5 0030 006 i 0000
%033 0‘29Z€i186 43 0 000(8'0000
0859 7 003 0 40 0,005G057
1033 0-03%174 42 0'09568'0572
0865 7 O00R: 180L18 4% 0112099
014 . 9%
0869 25 (D3R 05 s o
01 002595 55 0.000(§%0%
0873 7 003 0w g0 o000
032 (15000 40 0037900
0874 7 003 I os
01 (33939 55 0024692
0888 3 0014 055 go 0000
1014 0'05¥:083 82 0-000(8'0000
0890 1 00070.001 022 ; 0000
01 00272022 2510 0,064490%
0905 7 000 0.001 0.426 > otes
1 06810428 258 (01244018
0912 5 003@ 03483 55 o000
1030 ‘34421446 5 0 000(8'0000
0938 7  0018%% 0788788 8. 0047Q0%s
00 ) .0476
0939 7 000 0.001 %; 2 0047 oa1a
1 121078 258 01498048
0945 11  OLL: % o5 200
1007 0'0683:114 253 0'000(8'0000
0950 11 (DORW4 (150058 gh o000
0.009 . 153 415 0'067(8:82(7)8

continued



VCC Type-  Zps SFR T E(B-V)
ID [Mo/yr]l  [Gyr] [mag]
[1] [2] [3] [4] [5] [6]

TG6¢

0952 3 000A% 002%% 4, 0000QET
0957 7  0000%1 1357080 58 (12429166

11243
0958 17  003F%%2 00069 3  0.0665%%

0963 3 0007%% 0.0489%¢ 4% 0182891

0975 7  10009%% 0.000%% 0  0.000Q9%%
0979 17 00013%% 4863570 25, 0.3029924°
0980 7  00019%% 0.19€1% 251  0.000@%9%
0984 17 003F%2 000299 3  0.0308%7

0989 7  0001°9% (027922 250 (0635000

0994 25 (003F02 0001090 40 0136@F107

1361
0995 0001350, 0.0870%° 252 0.028850%
1001

7 0285

3 00140y 00145, 8 0.000Ch s
1011 9 000%g0%; 0188735 255 1719
1013 3

3

0171 .0634

000%50y; 0.03655s; 2555 01235

1017 0030%%  0.03¢P9® 52 0.000(20%0
1020 25 (003QQ%%  0.0060%% 55 0.0076%078

1021 3 014% 009Q% 8, 0064B%!

1047 17 00392 00090 30 (,059@)%2

1060 11  0007%%L 0067% 43 0012290
1086 23 0038 004890 49 003100

continued



¢Se

VCC Type-  Zus SFR T E(B-V)
ID Mo/yr]  [Gyr]  [mag]

[1] [2] [3] [4] [5] [6]
1091 5  00019% 0.1981% 2555 0.0003%
1098 3 0001599 0.023%%8 25, 0.15259%0
1102 3 000129 0.01P%%8 255 0.098¢F3%0
1106 3 00282991 0.008%% 65, 0.03149%12
1110 17  00332%2  0.00% 23  0.000¢3%%
1114 3 0001331 025427 2532 0.170%170°
1118 7 0001599 1.3732%% 25  0.248%90%
1121 3 003392  0.0013%% 45, 0.000¢39%0
1126 7 003390 0.0789%2 42  0.000¢3%0
1128 3 000450, 0034585 15, 01327355
1141 1 00013%% 0.063%2% 25, 0.1968992
1145 5 00332932  0.00A%° 33  0.01549%°
1156 7 000129 0161312 255 003189119
1158 17 003332 0.0009%° 22 0.096B9%32
1165 25 000799%  0.024%% 4% 0.2395984
1166 3 0001299 0.032%% 257 0.18929%%
1168 3 0001299 0.02139% 255, 0.047759%%
1169 3 0007555, 0.01Ghgl0 45 0.023F%33
1179 29 000159 0.114817 2515 01415119
1186 25  000729% 0.02R%%° 41, 0.2186%%

continued



€a¢

V -
CC Type-  Zs SFR . E(B-
ID [Mo/yr] ]
o/Yr G
" o o y [Gyr] [mag]
1188 15 001 = o -
03Q%: 01531% 55 0.0234%%
1189 7 000G 30 1@ 0074903
014 0-38%453 10?5 0.0748 %%
1190 17 0030 000 orar
1033 0.00%005 3(?3 0.080% 0551
1193 7 000 0.001 392 oeg
01 039232 o5 (1748174
1200 3 000 0.001 074 0 5000
01 007894 255 0,000
1205 7 00010% Y o2
01 91021 258 (1302922
1208 11 0001090 0% 50 o000
01005008 2510 ((055HI0
1217 11 0B 018RM 50 oz
005 ) A 1
1227 25 m3%.025 Oégg 25 0'091(8.0910
25 00009 05 018158
1237 29 0001090 041 ) 042
01 007 25l 015123
1257 3 000R%L (Q5P027 i o
0001 005(RY 44 0081297
1266 9 0007907 104 ; o174
0007 (0104108 44 0017497
1273 3 003%L 0 0.031 y 9000
01 003081 55 0.000%Y
1287 3 000R%L QQ0RN0 42 0000
0.025 -Oocg'ooo 4 0 000(8'0000
1200 5 000Dl 13448 285 (01910000
1025 . Jot9
1204 19 003Q%! 0 05 5 Tosoui
010025925 55 00009
1313 1 000 00 100 0,0000000
07 0009 10/, 0.000(0%
1326 17 003! 02749 i o000
o ] X 0
1330 17  0032%2 0 5000 (5 o
032 0009 05 0.00549%8
1331 25 (000R%! 0.053% i 1050
0.014 . 053 45 0'255%%22

continued



14574

VCC Type-
a
7 Zyas [MSF/R] T E(B-V)
o/Yr Gyr
[1] [2] [3] [4] [[5)]/ | [r[g?g]
1336 0.001
25  001%% 0010 2% 0077890
1356 11 00010901 071 : 0000
1004 0'07%073 2 12 0.0111559%9
1358 30 (00010001 055 0000
001 (170 255 02080
1361 25 mo 0.001 000 ° 5000
1033 0'03@:036 25(2) 0-35268'0000
1374 1 0008 01301 oS 200
oo ) .0006
1375 7 mo oo igé 25 O'OOO@.OOOG
0L 210108 2525 (0888
1377 3 000790 o8 4 0.060PO0N0
0001 1450078 43 0,060000%
1379 7 000 0.001 .981 S oo
1 15EPR%L 258 (1498042
1393 7 000 0.001 477 > oara
o014 0-763 763 2525 0.155% %<4
1397 3 000 003 200
01 000g%W3 255 0.1347090%
1408 3 000R®: 0078 4 123
014 . pas
1408 25 (0007000 000 43 e
0001 0040000 3 (315PL%
1410 11 (001%%1 5 o 200
01 (241 258 010649
1411 1 00010.001 0.063 2 0900
01 0101008 288 01454070
1412 17 03392 0000 B oro
1033 '0078'007 3 0 076%0706
1413 25  (0OR%L w41 030700
0001 00401 43 0397100
1419 23 03Q%R! 0211003 5, 2000
0ot ) X 0
1426 3 00070001 00 ge s
0.030 0-36%363 43 0-359%0577
1427 29 (001001 oie e 200
s ) O.025 0'131%134 2525 0'171%(1)923
mo .001 .150 .
1025 0'47%470 2525 0.219 1(2)%51;(7)

continued
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VCC Type-  Zus SFR T E(B-V)
1D [Mo/yr]  [Gyr]  [mag]

[1] [2] [3] [4] [5] [6]
1437 1 0001599 0.18129% 255, 0.182499%
1442 9 0001399 024815 25, 0.12509%7
1448 25 000129 0523348 258 0.154@F%%
1450 7 000129 0.73(38L 252 0.065@F3%%
1455 3 000129 0.043P%7 25  0.163¢%H
1459 1 0001299 0.053%r 25 0.22269%2%
1465 3 000729%% 0.1189%0 43 0.00009%%
1468 3 000750; 0.05%05 435  0.00885550
1507 11  000129% 0.12¢0%% 255, 0.179¢%9%
1508 7 00015901 1473473 252 0.0695%6%
1515 3 0001299 0.008%%9 255, 0.000@3%%
1516 7 00012991 170753 255, 0.218§9%01
1524 9 000129 0574 25, 0.0283F08
1529 9 0001597 0.24815¢ 253, 0.149§%18
1532 7 0001399 0.70%44t 255, 0.157299%
1540 5 003(fos; 292277, 55 0.077(hc:
1552 17  003F%2 0.003PPI 32 0.000¢%%
1554 11 000729 234113 44 0.03333%%
1555 7 00012991 1498470 255 0.215@F91
1557 7 00012991 049718 255, 0.2121891%

continued
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VCC Type-
as SF
7 Z 5 /R] [ t  E(BV)
olYr Gyr
1 2] [3] [4] [5)]/ | [r[g?g]
1562 0.001
7 00019 1131882 255, 025439
1566 9  000RW! 02018 a4t o5
oora 029Ch300 45 0.2068 3553
1569 7  00019%% o o o170
01 00gPUE 258 (1264970
1579 1 001(8.009 oS 25 .1264
03 004002 16 0275293
1574 23 0014%! 0.02(P% . ose
oo ) .0356
1575 11 03Q% 01491 5 .-
00 014Q19 55 0,000
1581 11 (001091 B o oors
0L 025P1% 25 (1456037
1582 25  (0010% e o, 0522
0100340021 258 (161992
1585 3 000 oo o 25 .1619
01 00g(RU0 155 0,000
1588 7 003N 0458% . o000
oso 045871 55 0.000¢5
1596 3 00010% w05 o5 200
01 000gLe 25 00245000
1605 9 000 0009 .Oll 25 : .0687
0L 0010l 258 (0743900
1615 5 0039 w5 000
02 0010% 0 0.000(FN%
1623 29  000L9% 10 o 200
01 003£%0 25t (134200
1624 7  003Q 018098 b gooeo
033 187 52 5  0.076835
1644 11  00010%% o 25t 0,0208%00
0L 001002 25! (0291900
1645 25 (0014% 000699 gt o000
o ) .0000
1654 3 000 0.001 8%2 o o055 o056
010040 2510 (06999
1656 25 0029 0019 6. 00087
030 : 048 00875094
1675 15 02 oo 25 0.2084
. .114
Hops 011455 65  0.003&777%

continued
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VCC Type-  Zus SFR T E(B-V)
ID [Mo/yr]  [Gyr]  [mag]

[1] [2] [3] [4] [5] [6]
1678 9  000129% 022422 255 0.019@¢%
1685 9 0001299 0.03g%E 251 0.000¢3%%
1686 11 000129 0574310 259 0.028750%
1690 17  003R%% 4.04828 5. 00223922
1696 7 003Chp, 0.93%77 55  0.00485:5
1699 11  00012%% 019918 255 0.027%90%
1713 29 000129 0.049%33 252 0.063%2%0
1725 11 0001291 022825 2525 0.073@F730
1726 9 0007297 01331 47 00161291
1727 17 003%g5; 002LG5 3 0.000¢ %00
1728 3 00012991 0.04CQ%%¢ 255, 0.15639%%0
1730 7 003F%%2 0,002 3 0.000¢3%0
1744 1 001Q%! 001% 104, 0.000(%
1756 25 (0075py; 0.024%% 45, 02444507
1757 17  003%% 0.153%¢ 53 0.0168952
1758 7 00012991 0.23P%e 255, 0.1847A99%
1760 17 00335 00035s 33 0.051§558
1776 25 00012991 0.034%% 25 0311200
1778 15 000131 0.40€1 25, 0.168199°
1784 3 003%5; 00025, 4 0.000§%%

continued
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VCC Type-
a
" Zyas [MSF/R] . E(B-V)
ol/Yr Gyr
[1] [2] [3] [4] [[5)]/ | [r[:;g]
1789 0.001
3 00012%%1 016(%2 25, 0.1831%%
1791 11 (00R%! w0 g 200
0007 0259250 4% 0,000 %%
1804 29 0001 5 g o5
01 011Q%7 255, 0234208
1811 7 000D 117078 25 90122
00 ) X .0122
1813 17  0033%Z 0 000 S ooprein
1033 -01%012 32 0-061%0554
1816 3 0002 035 000
014 004(82074 25;1 0.0118 553
1821 11 000l o2 100, orra
01 001992 105 01208977
1822 3 000 0.001 023 > 0000
01003098 25, 00922999
1825 25 (03P  0.0149% 55 0.000(9%00
093 ) .0000
1834 19  003R%Y 0 00 40 posec
1033 '06%2323 42 0'000(8'0000
1837 25  (025%% 0.015%° 5 o200
01 001U 65 0.0206920
1855 19  O025%1 0,048 6, o203
1025 . 9597
1859 17  0033%! 0 00 g2 o
01 009890 42, 0.000(%%Y
1860 25 (DO w0 oe a0
01 00290 282 0,090290%
1868 7 003292 w0 050 g
032 000(%% 05 0.0028%2
1873 11 0L%L: 0021002 4 0573
01 00210021 15 00373973
1883 19 (0392 0,000 2 00009
0 ) .0000
1884 25 (00010001 000 oo 000
01 003290 2% 0,000
1885 3 001404 ot gt 1350
04 0046% g 0133138
1898 25 (03GXL 002000 5B 0205
1030 - 147 s 0.020%%22

continued
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VCC Type-  Zas SFR T E(B-V)
ID [Mo/yr]  [Gyr]  [mag]

[1] 2] [3] [4] [5] (6]
1900 25 000129% 0.072%2 25 0.219¢9900
1902 19  003P%% 0051299 42 0.000¢9%0
1905 25 000729 0.07139%° 435 0.422@%6
1906 19 03P  0.00490 49,  0.000¢39%
1918 3 00019% 0021992t 255 0.004%3049
1920 19  003Q%% 0.028% 55 0.000099%
1923 11 002891 0522322 65, 0.006&2%
1929 7 000109% 06719420 258 0.15859508
1931 3 000109%  0.0569%¢ 25 0.015190%
1932 7 003(hgp 027%Fs 55 0.007756
1933 17 0001299 0.027292% 254 0.047€:93%
1943 5  003(fo5; 058535, 55 0.000Ch57%7
1944 31  0033P%Y 000290 42 0046891
1952 3 00072997 0.0519%951 4%  0.055695%
1955 30 000129% 0.928us 25 0.230099%0
1960 29  000%5i; 0.009ges 25 0.107475%
1965 3 000109%  0.043%7 25, 0.16449%
1970 3 1000t9%  0.00¢B9% 03  0.000¢39%
1987 7 000109%t 9113%% 255 0.21049:2
1992 3 000129%1  0.044%5 25}  0.000¢39%

continued
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VCC Type-  Zas SFR T E(B-V)
ID Mo/yr]  [Gyr]  [mag]

[1]  [2] [3] [4] [5] (6]
1994 25 003%%% 0002 3% 0.099¢9%2
1999 17 003292 00090 22 001829
2006 9  000109%L 067825 255, 0.224}9%2%
2007 29  0001%% 007798 25, 0.15329%49
2015 1 00010%% 0050%2 25, 0.12589%73
2023 7 00002%! (035822 258 (00965990
2033 1 000 0388‘11 0.13%‘1)23 2552’35 0.12978:(1)%2
2034 3 000%gy; 0.07% 25 0124735
2037 3 0001099t 009392 255 0.1069%9%
2058 7 003Chg; 1188 55 0.018455%
2066 15 003Q%L 059703% 55 0.000(%9%
2070 17 0033%2 0,009 33  0.032692%
2089 31 003392 0,008 2 0.163F10%
2090 25 (00LX!  0104%5 25 01958990
2094 3 00075ny; 0.01ges 45  0.23345%%

Results from GALEYGAZELLE runs (Part II).



6.4 Results of the GAZELLE surface brightness profiles

In Chapte# the time evolution of the SBPs was analysed, using the GAGAZELLE-
models. The following Tal6.6 shows the derived parameters from this analysis for
the diferent evolutionary assumptions: galaxy today0{ft undisturbed evolution in 2
Gyr (t=2) and truncated evolution in 2 Gyi=@2, tru).
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Table 6.6: Derived parameters of the fits to the SBPs for
different evolutionary scenarios.

VCC o Hest a  Rer ["] 1o Hest @ Rer ["] Ho Hest @ Rer ["]
t=0) (=0 (=0 (t=0) (t=2) (t=2) (t=2) (t=2) (t=2tru) (t=21tru) (t=21tru) (t=21tru)
[1] (2] [3] [4] [5] [6] [7] 8] [9] [10] [11] [12] [13]
0001 19.070 20.187 5.338 8.956 19.326 20.443 5.354 8.985 4289. 20.544 5.410 9.079
0004 22.016 23.132 6.154 10.326 21.709 22.826 5.956 9.994 9422 24.065 6.503 10.912
0010 19.343 20.459 4.476 7.511 19.509 20.625 4.778 8.018 7629. 20.878 4,742 7.958
0015 21.562 22.678 10.692 17.941 21.405 22522 10.410 87.4621.700 22.816 10.652 17.874
0017 22.074 23.191 10.348 17.363 21.918 23.034 10.692 247.9423.052 24.168 11.535 19.356
0020 22.238 23.354 3.975 6.670 22.178 23.294 4.316 7.243 8622. 23.985 5.123 8.597
0022 20.285 21.401 3.695 6.200 20.193 21.310 3.592 6.027 03Q@1. 22.147 4.456 7.477
0024 19.291 20.407 3.815 6.401 19.227 20.344 3.823 6.415 8409. 20.957 4.248 7.129
0025 18.725 19.841 9.506 15.951 18.922 20.038 10.809 18.13¥8.970 20.086 8.122 13.628
0026 22.251 23.367 4.333 7.270 22.040 23.156 4.325 7.258 2224. 25.340 14.201 23.829
0030 22.544 23.660 9.589 16.091 22579 23.696 10.492 17.6083.414 24.531 11.233 18.850
0031 19.277 20.393 3.557 5.968 19.147 20.263 3.557 5.968 6539. 20.769 3.465 5.814
0034 20.963 22.079 10.228 17.163 20.833 21.949 10.229 37.1621.512 22.628 10.097 16.943
0041 23.172 24.288 9.636 16.169 23.110 24.226 10.082 16.91743.462 24.578 9.667 16.221
0048 21.784 22.900 15.178 25.469 21.722 22.838 15.845 26.5822.285 23.401 14.004 23.498
0052 22.537 23.653 5,500 9.229 22,503 23.619 5.692 9.551 0823. 24.206 5.306 8.904

continued
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VCC o Hest a  Rer ["] 1o Hest @ Rer ["] Ho Hest @ Rer ["]
t=0) (=0 (=0 (t=0) (t=2) (t=2) (t=2) (t=2) (t=2tru) (t=21tru) (t=21tru) (t=2tru)
(1] (2] [3] [4] [5] [6] [7] 8] [9] [10] [11] [12] [13]

0058 20.367 21.483 20.407 34.243 20.471 21.588 21.594 86.2320.645 21.761 20.438 34.294
0066 19.946 21.063 40.426 67.834 19.908 21.024 42.608 1.4920.031 21.147 35.175 59.023
0067 21.020 22.136 20.850 34.987 20.813 21.929 19.887 33.3721.649 22.766 22.062 37.021
0073 18.014 19.130 9.325 15.647 18.247 19.364 9.269 15.5547.811 18.927 8.545 14.339
0074 21.224 22.341 8.438 14.159 21.029 22.145 7.737 12.9821.522 22.639 8.640 14.498
0081 21.995 23.112 13.654 22912 22.021 23.137 14.491 @4.3122.404 23.521 12.151 20.389
0083 21.134 22.250 7.637 12.814 20.927 22.043 7.305 12.2581.742 22.862 8.630 14.481
0085 23.671 24.787 9.304 15.613 23.500 24.616 9.186 15.41%4.142 25.262 9.189 15.419
0087 20.997 22.113 12.360 20.741 20.935 22.051 12.951 21.7321.850 22.966 13.348 22.398
0089 19.541 20.657 17.679 29.665 19.582 20.698 17.943 80.1019.699 20.815 17.251 28.947
0092 19.104 20.220 56.265 94.413 19.289 20.406 55.254 B2.7118.880 19.997 49.734 83.454
0097 19.198 20.314 16.073 26.971 19.491 20.607 17.618 29.5619.367 20.483 16.485 27.662
0099 19.918 21.034 8.715 14.624 20.216 21.333 8.907 14.9470.212 21.334 9.443 15.845
0104 24.335 25.452 13.015 21.840 24.257 25.373 12.839 4£1.5424.998 26.114 13.727 23.034
0105 21.515 22.632 19.575 32.846 21.427 22.543 19.787 33.2021.841 22.958 19.903 33.397
0113 22.513 23.630 8.345 14.002 22.119 23.235 8.005 13.4323.68@ 24.796 11.296 18.954
0114 23.055 24.172 10.937 18.352 22.836 23.952 10.558 @7.7123.748 24.865 13.984 23.465
0117 21.412 22.528 5.236 8.786 21.320 22.437 5.627 9.441 01@2. 23.126 4.706 7.896
0119 21.586 22.703 14.925 25.044 21.548 22.665 15.853 26.6022.163 23.279 13.626 22.864
0120 19.585 20.701 19.749 33.139 19.682 20.798 21.047 B5.3119.924 21.041 18.671 31.330

continued
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VCC o Mett a  Rer ["] 1o Mett @ Rer ["] Ho Mett ol Rer ["]
(t=0) (t=0) (t=0) (t=0) (t=2) (t=2) (t=2) (t=2) (t=2.tr0) (t=2tru) (t=2tru) (t= 2, tru)
[1] [2] [3] [4] [5] [6] [7] [8] [°] [10] [11] [12] [13]
0126 21.910 23.026 17.858 29.965 21.878 22.995 18.916 31.7422.130 23.247 16.455 27.612
0130 20.751 21.867 3.751 6.294 20.627 21.743 3.725 6.251 59@1. 22.712 3.946 6.621
0131 19.510 20.626 15.018 25.200 19.782 20.898 16.683 4£7.9919.420 20.536 14.037 23.555
0132 23.015 24.131 10.599 17.785 22.976 24.092 11.305 98.9624.116 25.232 14.052 23.579
0137 21.443 22.560 5.356 8.988 21.840 22.956 6.012 10.088 .85Q@1 22.966 5.684 9.539
0143 20.436 21.552 8.376 14.055 20.199 21.315 7.519 12.6160.602 21.720 8.140 13.658
0144 18.233 19.350 2.421 4.063 19.513 20.630 3.214 5.392 1320. 21.248 3.173 5.324
0145 19.844 20.960 36.347 60.990 20.088 21.205 40.001 ©7.1220.067 21.183 34.726 58.271
0152 18.959 20.075 11.577 19.427 19.162 20.278 11.438 29.1918.624 19.741 90.988 16.760
0157 18.845 19.961 20.671 34.685 18.842 19.959 19.794 4£83.2118.865 19.981 19.678 33.019
0159 21.470 22586 8.131 13.644 21.262 22.378 8.378 14.0582.362 23.485 8.416 14.123
0162 20.677 21.793 21.024 35.279 20.420 21.537 19.332 82.4321.227 22.343 20.748 34.815
0168 22.477 23594 8.295 13.918 22.421 23.537 8.645 14.5073.227% 24.344 12.905 21.655
0169 24.464 25.581 19.009 31.898 24.130 25.246 18.328 480.7525.709 26.825 29.418 49.363
0172 20.401 21.518 9.072 15.223 20.266 21.382 8.983 15.0731.312 22.430 10.155 17.040
0187 20.088 21.204 24.266 40.718 19.904 21.020 23.571 39.5519.882 20.998 22.872 38.379
0199 18.886 20.003 18.644 31.284 19.065 20.181 18.864 481.6518.463 19.580 16.592 27.842
0207 17.147 18.263 0.799 1.340 18.431 19.547 0.894 1.500 2039. 20.321 0.926 1.553
0213 19.001 20.118 5.072 8.510 18.967 20.084 4.886 8.198 2409. 20.356 5.047 8.470
0217 23,509 24.625 18.516 31.070 23.504 24.621 19.978 483.5224.136 25.252 17.936 30.097

continued
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VCC o Hest a  Rer ["] 1o Hest @ Rer ["] Ho Hest @ Rer ["]
t=0) (=0 (=0 (t=0) (t=2) (t=2) (t=2) (t=2) (t=2tru) (t=21tru) (t=21tru) (t=2tru)
(1] (2] [3] [4] [5] [6] [7] 8] [9] [10] [11] [12] [13]
0221 19.838 20.954 11.920 20.002 19.682 20.798 11.195 1838.7820.439 21.555 13.405 22.494
0222 18.712 19.829 22.792 38.245 18.889 20.005 22.980 @8.5618.346 19.463 20.590 34.550
0223 20.014 21.130 3.233 5.424 20.237 21.354 3.463 5.811 8220. 21.937 3.885 6.519
0226 18.796 19.912 15.406 25.851 19.069 20.185 15.628 £6.2218.901 20.017 14.974 25.126
0234 19.615 20.731 21.877 36.709 19.762 20.878 21.569 4£86.1919.450 20.566 20.055 33.653
0237 22.223 23.340 6.265 10.513 21.781 22.898 5.925 9.942 5823 24.703 8.957 15.029
0241 21.138 22.255 17.279 28.994 20.747 21.863 17.278 28.9922.233 23.350 17.715 29.726
0247 23.273 24.390 6.948 11.659 23.235 24.352 7.418 12.4484.402 25.520 11.799 19.799
0260 22.595 23.712 8.407 14.108 22504 23.620 7.982 13.3932.9072 24.023 7.831 13.141
0267 21.067 22.183 18.162 30.475 20.986 22.102 18.515 81.0621.581 22.697 19.004 31.888
0274 19.273 20.389 2.447 4106 19.453 20.570 2.499 4,193 2220. 21.339 2.585 4,337
0286 20.855 21.972 4.813 8.077 20.672 21.789 4.558 7.648 3121. 22.428 4.822 8.091
0289 19.776 20.892 10.380 17.418 19.646 20.762 10.380 87.4120.187 21.303 9.887 16.590
0307 18.944 20.060 36.430 61.130 18.814 19.930 36.431 ©1.1318.959 20.075 32.428 54.413
0309 22.446 23.562 9.310 15.622 22.308 23.425 9.237 15.4993.3072 24.423 9.727 16.322
0318 20.919 22.035 14.016 23.518 20.859 21.976 14.935 25.0621.662 22.779 14.133 23.715
0320 22.866 23.982 9.709 16.291 22.628 23.745 9.323 15.6444.39Q@ 25.507 24.994 41.941
0322 22.068 23.184 23.926 40.148 22.029 23.145 25.937 23.5222.607 23.723 26.328 44,178
0323 18.808 19.924 8.260 13.861 19.068 20.185 8.667 14.5448.840 19.957 8.350 14.012
0324 16.611 17.727 2.640 4430 16.777 17.893 2.680 4497 7737. 18.889 2.855 4,790

continued
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VCC o Mett a  Rer ["] 1o Mett Rer ["] Ho Mett ol Rer ["]
(t=0) (t=0) (t=0) (t=0) (t=2) (t=2) (t=2) (t=2) (t=2.tr0) (t=2tru) (t=2tru) (t= 2, tru)
[1] [2] [3] [4] [5] [6] [7] [8] [°] [10] [11] [12] [13]
0329 22.624 23.740 4.542 7.621 22.564 23.681 4.887 8.201 5723. 24.691 4.803 8.060
0334 20.026 21.142 3.977 6.674 20.447 21.563 4.348 7.295 2021. 22.320 5.223 8.764
0340 19.335 20.451 5.743 9.637 18.912 20.028 4.830 8.104 1120. 21.235 6.642 11.145
0341 18.960 20.077 20.924 35.110 19.137 20.253 21.087 235.3818.734 19.850 19.776 33.184
0343 21.182 22.299 8.270 13.877 21.052 22.169 8.270 13.8771.352 22.473 7.769 13.037
0350 23.556 24.673 13.703 22.994 23.336 24.452 13.032 21.8624.421 25.538 15.135 25.396
0358 18.636 19.752 6.752 11.330 18.809 19.926 6.787 11.3883.649 19.765 6.792 11.396
0364 23.252 24.368 12.273 20.594 23.244 24.360 13.743 23.0623.381 24.497 12.740 21.378
0367 24.494 25.610 34.828 58.442 23.992 25.108 31.910 63.5424.576 25.692 45.209 75.860
0381 24.156 25.273 16.287 27.330 23.608 24.724 14.088 @3.6425.622 26.739 33.604 56.388
0382 18.804 19.921 14.093 23.648 18.849 19.965 14.770 24.7819.236 20.353 14.150 23.744
0386 19.900 21.016 10.148 17.028 20.040 21.156 10.024 06.8219.880 20.997 90.878 16.576
0393 20.160 21.276 13.459 22584 19.917 21.033 12.490 720.9520.310 21.426 13.063 21.920
0404 19.943 21.059 15.112 25.357 19.945 21.061 15.112 @5.3519.370 20.486 12.815 21.503
0410 20.810 21.926 2.762 4.634 21.740 22.856 3.390 5.689 3722. 23.488 3.240 5.437
0413 21.986 23.102 6.074 10.192 21.909 23.025 6.051 10.1532.682 23.806 7.450 12.501
0414 22.277 23.393 6.381 10.708 22.423 23.540 6.656 11.1692.652 23.775 7.464 12.525
0415 21.273 22.390 11.655 19,557 21.090 22.206 11.403 49.1321.622 22.738 12.301 20.640
0423 25.051 26.167 38.178 64.062 24.990 26.107 38.905 B85.2825.088 26.204 38.828 65.154
0425 24.034 25.150 11.999 20.134 24.048 25.165 12.671 21.2624.551 25.667 13.553 22.742

continued
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VCC

Ho Hett @ Rer [ 1o Hett @ Rer ["] Ho Hett @ Rer ["]
t=0) (=0 (=0 (t=0) (t=2) (t=2) (t=2) (t=2) (t=2tru) (t=21tru) (t=21tru) (t=2tru)
(1] (2] [3] [4] [5] [6] [7] 8] [9] [10] [11] [12] [13]

0428 21.501 22.617 5.401 9.063 22.621 23.737 6.139 10.301 .25@3 24.372 6.167 10.349
0429 22.057 23.174 9.040 15.168 21.742 22.858 8.322 13.9643.027 24.144 13.914 23.348
0446 21.546 22.663 9.855 16.537 21.707 22.823 10.926 18.3322.087 23.203 10.539 17.684
0448 21.298 22.414 4.082 6.849 21.114 22.231 3.984 6.684 3022. 23421 4,943 8.295
0449 19.654 20.770 12.220 20.505 19.846 20.963 13.860 23.2518.796 19.912 10.151 17.033
0453 20.664 21.781 6.358 10.668 20.534 21.651 6.357 10.6680.922 22.038 6.563 11.013
0459 19.453 20.569 5.226 8.769 19.335 20.452 4.907 8.235 3720. 21.493 5.681 9.532
0460 19.376 20.492 43.058 72.252 19.682 20.798 46.606 8.2019.445 20.561 43.865 73.606
0465 19.465 20.582 21.674 36.370 19.458 20.574 22.359 97.5120.428 21.544 25.241 42.355
0472 22.865 23.981 11.038 18521 23.255 24.371 12.899 4£1.6423.808 24.924 21.181 35.541
0476 23.101 24.218 6.756 11.336 23.079 24.195 6.656 11.1693.582 24.699 6.662 11.179
0477 23.678 24.794 12911 21.664 23.495 24.611 13.009 21.8223.939 25.055 11.617 19.493
0479 22.473 23589 12943 21.718 22.319 23.435 12.569 @1.0923.521 24.637 19.999 33.559
0488 22.542 23.659 9.686 16.253 22.319 23.436 8.678 14.5623.112 24.235 11.037 18.521
0491 19.988 21.104 14.174 23.784 19.526 20.642 13.174 @2.1021.378 22.494 19.530 32.771
0509 21.597 22.714 13.639 22.887 21.566 22.683 14.387 24.1422.064 23.180 13.096 21.975
0512 22.131 23.247 15.909 26.695 22.001 23.117 15.908 £6.6922.786 23.902 17.375 29.156
0513 19.142 20.258 3.152 5.288 19.306 20.423 3.202 5.372 3449. 20.462 3.076 5.162
0514 21.803 22.919 14.270 23.946 21.980 23.096 15.806 26.5222.011 23.127 12.880 21.613
0520 23.062 24.178 6.961 11.681 22.708 23.824 6.460 10.8404.94@ 26.062 21.108 35.419

continued



89¢

VCC o Mett a  Rer ["] 1o Mett @ Rer ["] Ho Mett ol Rer ["]
(t=0) (t=0) (t=0) (t=0) (t=2) (t=2) (t=2) (t=2) (t=2.tr0) (t=2tru) (t=2tru) (t= 2, tru)
[1] [2] [3] [4] [5] [6] [7] [8] [°] [10] [11] [12] [13]
0522 19.960 21.077 19.888 33.373 20.153 21.269 19.704 483.0620.138 21.255 19.430 32.603
0524 18.977 20.093 25.603 42.962 19.118 20.235 25.393 @2.6118.520 19.637 22.250 37.336
0530 23.445 24561 23.313 39.119 23.263 24.379 23.316 39.1224.639 25.755 41.716 70.000
0534 19.885 21.002 17.186 28.838 20.011 21.128 16.775 &8.1419.815 20.932 15.956 26.774
0559 19.452 20.568 30.653 51.436 19.669 20.785 30.291 80.8219.444 20.560 28.154 47.243
0562 18.170 19.286 2.020 3.390 18.670 19.786 2.111 3.542 6439. 20.761 2.273 3.813
0566 21.198 22.314 5.696 9.557 20.893 22.010 5.695 9.557 1822. 23.304 5.681 9.533
0567 20.438 21.554 16.850 28.274 20.182 21.298 15.480 25.9720.496 21.612 16.004 26.855
0570 19.378 20.494 22533 37.811 19.543 20.659 22.533 @7.8119.298 20.414 21.586 36.221
0574 23.481 24.598 11.322 18.998 23.793 24.910 12.608 @1.1524.255 25.371 18.924 31.754
0576 19.034 20.150 16.015 26.873 19.374 20.490 16.949 28.4418.573 19.689 14.150 23.744
0583 22.786 23.902 20.885 35.045 22.625 23.741 20.182 33.8622.887 24.003 21.358 35.839
0585 23.897 25.013 11.434 19.186 23.762 24.878 11.877 09.9324.679 25.795 12.999 21.812
0593 20.282 21.399 10.681 17.923 20.049 21.165 10.030 16.8320.617 21.733 11.087 18.605
0596 19.780 20.896 58.983 98.974 19.999 21.116 66.535 431.619.975 21.091 59.721 100.212
0618 22.178 23.294 8.464 14.203 21.960 23.077 8.462 14.2003.252 24.374 9.636 16.168
0620 20.834 21.950 7.997 13.419 20.745 21.862 8.106 13.6011.61@ 22.732 8.937 14.996
0630 20.186 21.302 41.675 69.931 20.342 21.458 42.562 (§1.4220.173 21.289 39.516 66.308
0641 20.431 21.547 4.407 7.395 20.015 21.131 3.725 6.250 8220. 21.944 4.019 6.744
0654 19.210 20.327 21.493 36.065 19.376 20.492 21.494 @&6.0619.144 20.260 22.404 37.594

continued



69¢

VCC o Hest a  Rer ["] 1o Hest @ Rer ["] Ho Hest @ Rer ["]
t=0) (=0 (=0 (t=0) (t=2) (t=2) (t=2) (t=2) (t=2tru) (t=21tru) (t=21tru) (t=2tru)
(1] (2] [3] [4] [5] [6] [7] 8] [9] [10] [11] [12] [13]

0656 18.699 19.815 10.983 18.430 18.881 19.997 10.910 178.3018.244 19.360 9.481 15.909
0664 21.296 22.412 21.712 36.433 20.968 22.084 21.106 85.4122.552 23.668 28.128 47.198
0666 22.931 24.047 10.903 18.295 22.893 24.009 11.655 89.5522.783 23.900 9.432 15.826
0667 20.616 21.732 17.245 28.936 20.790 21.906 17.197 @8.8520.865 21.982 17.444 29.270
0679 21.420 22536 10.412 17.471 21.290 22.406 10.412 17.4721.584 22.701 9.854 16.534
0688 19.624 20.740 9.321 15.640 19.760 20.877 9.778 16.4079.851 20.968 10.099 16.947
0692 20.354 21.470 19.605 32.896 20.224 21.340 19.605 2.8920.923 22.039 21.866 36.690
0697 20.829 21.945 14.281 23.964 20.962 22.078 15.088 25.3121.004 22.120 14.230 23.879
0699 19.787 20.903 9.051 15.187 19.546 20.663 8.800 14.7670.902 22.021 12.408 20.820
0703 22.258 23.374 5.818 9.762 22.129 23.246 5.934 9.957 18@3. 24.296 6.913 11.600
0713 19.940 21.057 28.930 48.545 20.106 21.223 28.400 B87.6519.706 20.822 25.777 43.254
0739 21.438 22554 16.272 27.304 21.308 22.424 16.272 £7.3022.100 23.216 15.658 26.275
0740 21.298 22.415 7.917 13.284 21.168 22.285 7.917 13.2841.852 22.967 7.950 13.340
0768 20.152 21.269 10.370 17.401 19.919 21.035 9.739 16.3420.796 21.912 11.647 19.544
0792 19.824 20.940 29.298 49.161 19.977 21.093 28.932 88.5419.976 21.092 29.706 49.847
0801 18.160 19.277 9.109 15.284 18.000 19.116 8.976 15.0628.940 20.056 11.131 18.677
0802 22.064 23.180 10.017 16.809 22.250 23.366 10.495 07.6122.838 23.955 11.422 19.166
0809 20.308 21.424 18.315 30.732 20.464 21.580 18.070 30.3220.596 21.712 17.775 29.827
0825 22.049 23.166 8.515 14.288 21.984 23.101 8.324 13.9672.35& 23.474 8.412 14.115
0826 22.617 23.734 16.737 28.085 22.507 23.624 16.782 @8.1623.357 24.473 16.952 28.446

continued



0L¢

VCC o Mett a  Rer ["] 1o Mett @ Rer ["] Ho Mett ol Rer ["]
(t=0) (t=0) (t=0) (t=0) (t=2) (t=2) (t=2) (t=2) (t=2.tr0) (t=2tru) (t=2tru) (t= 2, tru)
[1] [2] [3] [4] [5] [6] [7] [8] [°] [10] [11] [12] [13]
0827 19.825 20.941 25.069 42.066 20.053 21.170 27.146 #5.5519.675 20.792 23.332 39.151
0836 19.064 20.180 33.392 56.033 19.300 20.417 33.162 65.6419.107 20.223 30.846 51.760
0841 21.126 22.243 11.232 18.848 21.126 22.242 10.691 97.9321.620 22.737 12.669 21.259
0849 20.037 21.154 14.062 23.597 19.907 21.024 14.062 23.5920.512 21.628 14.467 24.276
0851 20.160 21.277 21.933 36.803 20.312 21.428 21.590 86.2220.218 21.335 20.600 34.567
0857 19.638 20.755 27.475 46.102 19.945 21.061 29.684 @9.8119.960 21.077 30.927 51.895
0859 20.515 21.632 16.768 28.136 20.764 21.880 16.886 4£8.3320.038 21.154 14.284 23.968
0865 20.710 21.826 36.982 62.055 20.847 21.963 43.114 @G2.3421.327 22.443 35.893 60.228
0869 22.758 23.874 17.940 30.103 22.883 24.000 18.754 @1.4722.767 23.883 16.586 27.832
0874 19.025 20.141 12.181 20.440 19.289 20.406 12.181 20.4319.261 20.377 12.022 20.172
0888 21.548 22.665 12.827 21.523 21.534 22.650 13.629 @2.8722.046 23.163 12.710 21.328
0890 20.367 21.484 3.041 5.103 20.887 22.003 3.327 5583 6121. 22.733 4.167 6.992
0905 21.207 22.323 20.291 34.049 21.145 22.261 21.142 B5.4721.609 22.725 20.221 33.931
0912 19.991 21.108 20.350 34.147 19.854 20.970 18.387 4£0.8520.016 21.132 19.224 32.258
0938 20.053 21.169 15.267 25.618 20.265 21.381 17.314 4£9.0520.253 21.369 14.400 24.164
0939 20.921 22.037 22.282 37.389 20.755 21.872 21.584 96.2121.304 22.420 22.580 37.889
0945 21.608 22.724 12.272 20592 21.089 22.205 11.256 88.8822.916 24.033 15.073 25.293
0950 23.059 24.176 21.339 35.807 22.823 23.940 22.334 @7.4724.152 25.268 24.740 41.514
0957 18.795 19.911 12.928 21.693 18.841 19.958 13.370 4£2.4319.130 20.246 12.335 20.698
0958 17.764 18.880 17.210 28.878 17.947 19.063 17.209 28.8717.425 18.542 15.291 25.659

continued



T.C

VCC o Hest a  Rer ["] 1o Hest @ Rer ["] Ho Hest @ Rer ["]
t=0) (=0 (=0 (t=0) (t=2) (t=2) (t=2) (t=2) (t=2tru) (t=21tru) (t=21tru) (t=2tru)
(1] (2] [3] [4] [5] [6] [7] 8] [9] [10] [11] [12] [13]

0963 22.623 23.740 8.523 14.302 22.610 23.727 9.437 15.8363.592 24.711 12.644 21.217
0979 19.798 20.914 27.931 46.869 20.002 21.118 30.489 1.1620.056 21.173 31.887 53.506
0980 21.200 22.317 19.453 32.643 21.028 22.144 19.769 33.1722.105 23.221 19.830 33.275
0984 18.560 19.676 16.594 27.845 18.709 19.825 16.459 @27.6118.494 19.610 15.630 26.227
0989 22.022 23.138 6.149 10.319 21.700 22.816 5.743 9.636 .9622 24.077 6.949 11.660
0995 20.217 21.333 9.932 16.666 20.087 21.203 9.932 16.6660.802 21.918 9.302 15.608
1001 22.248 23.364 6.732 11.296 22.230 23.346 6.863 11.5163.352 24.468 10.000 16.779
1011 21.188 22.305 12.798 21.476 21.100 22.216 12.963 21.7521.464 22.580 13.190 22.133
1013 22.334 23.450 8.408 14.109 22.178 23.295 7.873 13.2122.992 24.114 9.401 15.775
1017 23.255 24.371 26.205 43.972 23.393 24.509 28.175 A7.2723.423 24.540 25.683 43.095
1020 22.086 23.202 7.801 13.090 22.337 23.453 7.811 13.1072.47Q@ 23.586 8.290 13.910
1021 21.785 22901 14.179 23.792 21.658 22.774 14.694 24.6521.791 22.907 12.987 21.791
1047 18.703 19.819 11.225 18.836 18.860 19.977 11.213 @8.8118.614 19.731 10.980 18.425
1060 21.340 22.456 8.522 14.300 21.191 22.307 8.810 14.7842.42%2 23.546 9.732 16.330
1086 19.207 20.324 18.116 30.399 19.436 20.553 18.036 230.2619.066 20.182 16.574 27.812
1091 19.546 20.663 8.857 14.862 19.329 20.446 8.857 14.8620.292 21.416 8.486 14.239
1098 25.427 26.543 28.277 47.449 25.134 26.250 26.498 44.4625.833 26.949 26.913 45,160
1102 21.907 23.024 6.067 10.181 21.647 22.764 5.513 9.252 .6622 23.779 6.669 11.191
1106 22.858 23.974 8.735 14.657 23.199 24.315 9.447 15.8523.35Q@ 24.466 9.786 16.421
1110 19.121 20.237 37.754 63.351 19.228 20.345 36.523 51.2819.056 20.172 35.681 59.872

continued



¢l

VCC o Mett a  Rer ["] 1o Mett @ Rer ["] Ho Mett ol Rer ["]
(t=0) (t=0) (t=0) (t=0) (t=2) (t=2) (t=2) (t=2) (t=2.tr0) (t=2tru) (t=2tru) (t= 2, tru)
[1] [2] [3] [4] [5] [6] [7] [8] [°] [10] [11] [12] [13]
1114 21.996 23.112 22.779 38.223 21.785 22.902 21.284 35.7122.189 23.305 21.764 36.520
1118 18.935 20.051 10.065 16.890 18.922 20.038 9.317 15.63B9.085 20.202 9.678 16.240
1121 23.212 24.328 10.041 16.849 23.194 24.310 10.147 17.0223.616 24.732 12.645 21.218
1126 19.406 20.522 18.989 31.863 19.639 20.756 18.988 31.8619.482 20.598 18.161 30.474
1128 23.040 24.156 10.340 17.350 22.979 24.095 11.095 18.6123.945 25.061 14.846 24911
1141 20.115 21.232 3.436 5766 19.953 21.069 3.218 5.400 5120. 21.627 3.561 5.975
1145 17.864 18.980 13.524 22.693 18.053 19.170 13.656 22.9117.945 19.061 13.338 22.381
1156 21.545 22.662 17.991 30.189 21.483 22.600 18.597 &1.2022.125 23.241 17.566 29.476
1158 18.046 19.163 12.528 21.023 18.199 19.316 12.592 @1.1317.826 18.943 12.341 20.707
1165 23.599 24.715 9.552 16.029 23.878 24.994 11.129 18.6724.203 25.320 10.743 18.028
1166 23.189 24.305 10.915 18.315 23.251 24.367 11.224 38.8323.773 24.889 13.623 22.859
1168 21.856 22.972 5.472 9.182 21.816 22.932 5.902 9.903 9622. 24.085 11.105 18.635
1169 21.974 23.090 3.924 6.584 21.736 22.853 3.843 6.448 7423. 24.862 9.021 15.137
1179 21.459 22576 15.044 25.244 21.142 22.259 13.817 23.1822.238 23.354 18.042 30.274
1186 23.051 24.167 6.602 11.078 22.817 23.933 6.873 11.5332.982 24.104 5.864 9.839
1188 19.002 20.119 10.233 17.171 19.255 20.371 10.216 37.1419.268 20.385 10.145 17.024
1189 20.590 21.706 14.973 25.124 20.649 21.765 16.189 27.1621.965 23.081 32.134 53.921
1190 18.815 19.931 25.156 42.211 18.980 20.096 25.155 #42.2118.470 19.586 22.722 38.128
1193 19.843 20.959 13.218 22.179 19.702 20.818 12.284 20.6120.106 21.222 13.013 21.836
1200 21.596 22.712 11.485 19.272 21.468 22584 11.912 99.982.460 23.576 11.330 19.011

continued



€L¢

VCC o Hest a  Rer ["] 1o Hest @ Rer ["] Ho Hest @ Rer ["]
t=0) (=0 (=0 (t=0) (t=2) (t=2) (t=2) (t=2) (t=2tru) (t=21tru) (t=21tru) (t=2tru)
(1] (2] [3] [4] [5] [6] [7] 8] [9] [10] [11] [12] [13]
1205 19.072 20.188 10.808 18.136 19.101 20.217 10.849 88.2019.794 20.911 12.462 20.911
1208 20.323 21.440 4.614 7.742 20.193 21.310 4.614 7.742 8320. 21.952 4.358 7.313
1217 22.632 23.748 23.831 39.988 22568 23.684 24.210 90.6223.037 24.153 22.300 37.420
1227 24.686 25.802 18.928 31.761 25.073 26.189 23.058 B8.6924.644 25.761 17.299 29.027
1237 20.926 22.042 6.184 10.376 20.864 21.981 6.473 10.8621.252 22.367 6.199 10.402
1257 22.033 23.150 12.557 21.071 21.840 22.956 12.874 21.6023.056 24172 15.190 25.489
1266 21.607 22.723 9.376 15.733 21.482 22,598 10.002 16.7832.313 23.429 8.642 14.501
1273 20.962 22.079 10.002 16.783 21.096 22.212 10.002 36.7821.196 22.312 9.916 16.639
1290 19.186 20.302 12.523 21.014 19.263 20.379 13.096 21.9719.424 20.540 12.235 20.529
1313 19.912 21.028 2.043 3.429 21.053 22.169 2.245 3.767 T7221. 22.841 2.272 3.812
1326 19.475 20.592 15.262 25.610 19.721 20.837 15.382 (@5.8119.786 20.903 15.639 26.243
1330 20.242 21.358 25.060 42.051 20.359 21.476 24.802 8&1.6120.237 21.353 24.038 40.336
1331 23.851 24968 12.654 21.234 23.803 24.920 13.624 22.8624.507 25.623 15.845 26.588
1356 20.016 21.132 5.848 9.812 19.730 20.847 5.599 9.395 0221. 22.146 6.710 11.260
1374 20.293 21.409 11.768 19.746 20.847 21.963 14.243 23.9021.690 22.806 16.580 27.821
1375 20.367 21.483 26.646 44.712 20.209 21.325 26.171 83.9120.771 21.887 25.376 42.581
1377 22.915 24.031 20.849 34.984 22.766 23.882 21.648 @&6.3223.390 24.506 19.088 32.031
1379 19.907 21.024 22.283 37.391 19.777 20.894 22.283 B7.3920.231 21.347 22.442 37.657
1393 20.413 21.529 16.587 27.833 20.247 21.363 15.923 26.7120.933 22.049 18.605 31.219
1397 21.889 23.005 3.173 5,324 21.806 22.922 3.311 5,556 2222. 23.345 2.813 4,720

continued



v.c

VCC o Mett a  Rer ["] 1o Mett @ Rer ["] Ho Mett ol Rer ["]
(t=0) (t=0) (t=0) (t=0) (t=2) (t=2) (t=2) (t=2) (t=2.tr0) (t=2tru) (t=2tru) (t= 2, tru)
[1] [2] [3] [4] [5] [6] [7] [8] [°] [10] [11] [12] [13]
1403 23.141 24.257 11.092 18.612 23.582 24.699 13.501 £22.6523.716 24.832 13.517 22.682
1408 23.364 24.481 8.700 14599 23542 24.658 9.615 16.1343.56Q@ 24.676 9.485 15.915
1410 19.924 21.041 8.983 15.074 19.794 20.911 8.983 15.0740.252 21.375 8.650 14.515
1411 18.176 19.292 2.977 4995 18.042 19.159 2.952 4954 9218. 20.037 3.169 5.317
1412 18.323 19.440 18.928 31.762 18.455 19.572 18.592 B1.1918.091 19.208 18.141 30.440
1413 23.324 24.440 8.557 14.358 23.265 24.381 8.498 14.259%4.432 25.548 26.908 45.151
1419 20.136 21.252 15.146 25.416 20.473 21.589 16.189 @7.1620.438 21.554 15.950 26.764
1426 22.346 23.462 13.533 22.708 22.623 23.739 16.302 £7.3522.662 23.778 15.284 25.647
1427 20.984 22.100 9.586 16.086 20.763 21.879 8.681 14.5671.432 22.550 10.040 16.847
1435 21.841 22957 21.964 36.856 21.640 22.756 20.354 34.1521.782 22.899 20.015 33.586
1437 18.878 19.995 3.589 6.023 18.760 19.877 3.436 5765 2799. 20.395 3.886 6.521
1442 20.664 21.780 20.256 33.989 20.430 21.547 19.125 32.0921.122 22.239 20.878 35.034
1448 22.159 23.276 28.591 47.976 22.332 23.449 31.965 83.6322.123 23.239 23.930 40.154
1450 20.376 21.493 18.439 30.940 20.293 21.410 18.675 B1.3321.299 22.416 21.816 36.608
1455 21.875 22991 8.703 14.603 21.665 22.781 7.964 13.3642.55@ 23.672 10.440 17.518
1459 21531 22.647 6.944 11.652 21.384 22500 6.239 10.4691.672 22.791 6.861 11.512
1465 22.717 23.834 16.592 27.842 22.326 23.443 16.593 27.8423.792 24.908 16.595 27.846
1468 22.252 23.368 12.029 20.185 22.061 23.177 12.295 20.6323.170 24.287 11.950 20.052
1507 21.615 22.731 12.181 20.440 21.388 22.504 11.459 89.2221.839 22.955 12.374 20.764
1508 19.816 20.932 18.906 31.725 19.747 20.863 19.450 B2.6320.204 21.320 17.656 29.626

continued



Gl¢

VCC o Hest a  Rer ["] 1o Hest @ Rer ["] Ho Hest @ Rer ["]
t=0) (=0 (=0 (t=0) (t=2) (t=2) (t=2) (t=2) (t=2tru) (t=21tru) (t=21tru) (t=2tru)
(1] (2] [3] [4] [5] [6] [7] 8] [9] [10] [11] [12] [13]

1515 22.538 23.655 5.037 8.453 22.353 23.469 4.831 8.106 9423. 25.062 9.581 16.076
1516 19.967 21.083 30.404 51.017 19.959 21.076 31.366 B52.6320.062 21.179 30.415 51.036
1524 21.489 22.606 24.958 41.880 21.430 22.547 26.770 @4.9222.229 23.346 24.605 41.287
1529 21.700 22.816 15.284 25.647 21.492 22.609 14.560 24.4322.259 23.376 17.672 29.653
1532 20.628 21.744 16.891 28.343 20.752 21.869 17.465 29.3021.080 22.197 16.992 28.512
1540 18.830 19.947 39.122 65.647 19.079 20.195 39.119 B5.6418.244 19.361 33.214 55.733
1552 19.632 20.749 23.021 38.630 19.766 20.882 22.721 238.1219.762 20.878 22.669 38.038
1554 19.099 20.215 17.874 29.993 18.637 19.754 16.659 £7.9520.195 21.312 20.384 34.204
1555 20.023 21.139 54.960 92.222 20.100 21.216 57.789 96.9620.056 21.172 50.378 84.535
1557 20.135 21.251 17.878 30.000 20.005 21.121 17.878 29.9920.455 21.571 20.139 33.794
1562 19.758 20.874 53.957 90.540 19.862 20.979 57.379 96.2819.590 20.706 48.079 80.677
1566 21.678 22.795 14.151 23.745 21.672 22.788 15559 26.1022.342 23.458 17.383 29.169
1569 21.907 23.023 12.823 21.517 21.681 22.797 11.929 720.0122.688 23.804 15.671 26.296
1572 21.637 22.754 9.601 16.110 21.598 22.714 9.127 15.3162.022 23.143 9.808 16.458
1574 20.930 22.046 3.430 5755 21.073 22.190 3.642 6.112 9020. 22.021 3.254 5.461
1575 20.260 21.376 14.429 24.212 20545 21.661 14.796 24.8220.698 21.815 15.504 26.015
1581 22.149 23.265 19.841 33.293 22.110 23.226 21.416 235.9322.481 23.598 19.695 33.049
1582 23.314 24.431 11.039 18.524 23.190 24.307 10.929 88.3323.792 24.908 11.406 19.139
1585 21.804 22.920 14.821 24.870 21.655 22.772 15.423 25.8722.540 23.656 14.383 24.134
1588 19.720 20.836 18.646 31.288 19.582 20.699 16.848 28.2719.705 20.821 17.162 28.797

continued



9/.¢

VCC o Mett a  Rer ["] 1o Mett @ Rer ["] Ho Mett ol Rer ["]
(t=0) (t=0) (t=0) (t=0) (t=2) (t=2) (t=2) (t=2) (t=2.tr0) (t=2tru) (t=2tru) (t= 2, tru)
[1] [2] [3] [4] [5] [6] [7] [8] [°] [10] [11] [12] [13]
1596 22.290 23.406 6.137 10.298 21.829 22.946 5.503 9.235 .0124 25.127 15.231 25.558
1605 22.084 23.200 10.176 17.076 21.977 23.093 10.447 Q7.5322.561 23.678 10.114 16.971
1615 19.555 20.671 41.796 70.133 19.688 20.804 40.798 88.4519.472 20.588 38.910 65.292
1623 21.427 22544 6.135 10.295 21.365 22.482 6.418 10.7701.872 22.987 6.254 10.494
1624 19.432 20.549 13.906 23.335 19.677 20.793 13.843 23.2219.365 20.482 12.740 21.378
1644 21.857 22973 7.813 13.110 21.773 22.890 8.244 13.8342.67@ 23.792 8.201 13.761
1654 21.472 22588 10.045 16.856 21.365 22.482 10.315 87.3022.377 23.493 12.085 20.279
1656 22.884 24.001 11.990 20.119 23.269 24.385 13.393 £2.4723.125 24.241 11.243 18.866
1675 21.387 22504 17.205 28.869 21.299 22.415 17.478 29.3221.675 22.792 18.687 31.356
1678 21.790 22.906 19.000 31.882 21.535 22.651 18.103 B0.3722.520 23.636 19.086 32.026
1685 21.879 22.995 15.856 26.607 21.749 22.865 15.856 26.6022.704 23.820 15.822 26.549
1686 21.032 22.148 26.213 43.986 20.902 22.018 26.213 ©83.9821.752 22.868 26.563 44,572
1690 19.127 20.243 57.660 96.753 19.479 20.595 64.098 807.519.152 20.269 54.846 92.031
1696 20.162 21.278 31.657 53.121 20.438 21.555 34.070 67.1720.397 21.513 32.118 53.895
1699 20.829 21.945 13.771 23.108 20.588 21.705 13.376 22.4421.777 22.893 16.497 27.682
1713 21553 22.670 8.511 14.281 21.188 22.304 7.792 13.0752.532 23.650 10.580 17.753
1725 21.490 22.606 16.776 28.150 20.981 22.097 14.298 23.9922.676 23.793 23.234 38.987
1726 22.188 23.304 14.686 24.643 21.600 22.717 13.019 21.8423.556 24.673 18.608 31.224
1727 18.839 19.956 38.366 64.378 18.991 20.108 37.644 ©3.1618.814 19.931 36.242 60.814
1728 22.400 23.517 8.709 14.613 22.169 23.286 7.982 13.3933.212 24.335 10.535 17.677

continued



LlC

VCC o Hest a  Rer ["] 1o Hest @ Rer ["] Ho Hest @ Rer ["]
t=0) (=0 (=0 (t=0) (t=2) (t=2) (t=2) (t=2) (t=2tru) (t=21tru) (t=21tru) (t=2tru)
(1] (2] [3] [4] [5] [6] [7] 8] [9] [10] [11] [12] [13]

1730 19.379 20.495 17.712 29.721 19,591 20.707 17.998 B0.2019.487 20.603 17.673 29.656
1744 21.741 22.857 6.419 10.771 22.654 23.770 9.034 15.1593.5042 24.620 12.172 20.425
1756 22.780 23.896 6.619 11.106 22.746 23.862 6.927 11.6232.61@ 23.732 6.001 10.069
1757 20.010 21.126 13.479 22.617 20.296 21.413 13.724 23.0220.363 21.479 13.962 23.428
1758 20.232 21.348 18.967 31.826 20.102 21.218 18.967 &1.8220.421 21.537 18.772 31.499
1760 19.431 20.548 21.219 35.606 19.587 20.703 21.155 85.4919.196 20.312 19.297 32.380
1776 24.639 25.755 16.550 27.771 24.857 25.973 19.786 B3.2024.409 25.525 13.565 22.762
1778 20.362 21.478 13.462 22.590 20.232 21.348 13.462 @2.5920.863 21.980 15.311 25.692
1784 23.598 24.714 16.578 27.818 23.540 24.656 16.593 27.8424.057 25.173 17.715 29.726
1789 20.868 21.985 9.408 15.786 20.806 21.922 9.827 16.4901.132 22.255 9.924 16.652
1791 21.183 22.299 15.155 25.431 20.789 21.905 14.659 24.5922.404 23.521 17.738 29.764
1804 21.568 22.685 11.327 19.006 21572 22.689 11.484 09.2721.978 23.094 12.682 21.280
1811 19.363 20.479 13.298 22.314 19.233 20.349 13.298 £2.3119.820 20.937 13.756 23.082
1813 19.185 20.302 29.944 50.246 19.351 20.467 29.943 50.2419.000 20.116 28.613 48.014
1816 22.985 24.102 15.513 26.031 22.755 23.872 14.527 @4.3724.041 25.157 18.706 31.389
1821 21.597 22.714 4584 7.691 21534 22.651 4.768 8.000 42@2. 23.542 7.210 12.099
1822 22.097 23.213 9.642 16.179 21.872 22.988 8.955 15.0262.98Q2 24.096 11.550 19.382
1825 21.947 23.064 8.901 14,935 22.143 23.259 8.973 15.0562.212 23.329 8.700 14.599
1837 22.453 23.569 10.959 18.388 22.705 23.821 12.563 @1.0822.456 23.573 9.605 16.118
1859 19.509 20.626 21.029 35.287 19.743 20.859 21.029 @&5.2819.730 20.847 20.934 35.128

continued



8.¢

VCC o Mett a  Rer ["] 1o Mett @ Rer ["] Ho Mett ol Rer ["]
(t=0) (t=0) (t=0) (t=0) (t=2) (t=2) (t=2) (t=2) (t=2.tr0) (t=2tru) (t=2tru) (t= 2, tru)
[1] [2] [3] [4] [5] [6] [7] [8] [°] [10] [11] [12] [13]
1868 19.912 21.028 25.320 42.487 19.957 21.074 24.033 140.3219.195 20.311 20.074 33.684
1873 21.697 22.813 7.396 12.410 21.499 22.615 7.334 12.3072.76Q 23.877 9.042 15.172
1883 18.392 19.509 12.532 21.028 18539 19.655 12.361 20.7418.485 19.601 12.178 20.434
1884 24.116 25.232 18.953 31.802 24.291 25.407 21.466 36.0224.524 25.640 19.840 33.292
1885 22.826 23.942 15.864 26.620 22.864 23.981 15.734 26.4022.951 24.067 15.759 26.443
1898 21.651 22.767 9.816 16.471 21.886 23.003 9.745 16.3521.892 23.010 9.616 16.135
1900 23.021 24.137 13.774 23.112 22.952 24.068 13.692 22.9723.305 24.421 14.304 24.002
1905 25.731 26.848 25.584 42930 25.719 26.836 24.383 40.9126.723 27.840 135.524 227.409
1918 21.986 23.102 7.760 13.021 21.879 22.996 7.964 13.3642.892 24.008 8.325 13.970
1923 19.803 20.920 15.871 26.631 19.848 20.965 16.704 @8.0320.219 21.336 18.158 30.469
1929 20.527 21.643 20.820 34.936 20.433 21.549 19.807 B3.2321.012 22.129 21.913 36.770
1931 21.976 23.093 10.731 18.006 21.580 22.697 10.000 96.7722.968 24.085 11.989 20.118
1932 19.296 20.413 25.333 42.508 19.180 20.296 25.247 42.3619.107 20.223 23.610 39.617
1933 21.995 23.111 6.392 10.726 21.798 22.915 6.084 10.2093.622 24.738 11.868 19.914
1943 18.785 19.901 13.682 22.958 18.998 20.114 14.842 @4.9018.770 19.887 12.649 21.225
1944 20.394 21511 2.714 4554 20.678 21.794 2.791 4.683 2320. 21.354 2.671 4.481
1952 22.139 23.256 9.775 16.402 21.946 23.062 10.015 16.8083.078 24.194 10.370 17.401
1960 21.305 22.421 3.064 5.141 21.090 22.206 2.987 5.013 7322. 23.854 6.175 10.361
1965 21.895 23.011 7.842 13.159 21.788 22905 7.255 12.1752.332 23.450 7.918 13.286
1987 19.444 20.561 34.531 57.942 19.549 20.666 36.608 ©1.4219.657 20.774 34.593 58.046

continued



6.¢

VCC o Hest a  Rer ["] 1o Hest @ Rer ["] Ho Hest @ Rer ["]
t=0) (=0 (=0 (t=0) (t=2) (t=2) (t=2) (t=2) (t=2tru) (t=21tru) (t=21tru) (t=2tru)
(1] (2] [3] [4] [5] [6] [7] 8] [9] [10] [11] [12] [13]
1992 22.347 23.463 13.099 21.981 22.029 23.145 12.320 £0.6723.395 24.511 14.546 24.409
1994 22958 24.074 8.394 14.085 23.393 24509 10.432 17.50%4.074 25.191 19.962 33.496
1999 18.816 19.932 10.947 18.368 18.982 20.098 11.039 48.5219.022 20.139 11.571 19.416
2006 20.634 21.750 23.173 38.884 20.535 21.652 22.874 38.3820.808 21.925 23.890 40.088
2007 20.944 22.060 6.164 10.344 20.814 21.930 6.164 10.3441.422 22.540 6.574 11.030
2015 21.282 22.399 6.786 11.386 21.569 22.686 7.437 12.4792.282 23.401 9.119 15.302
2023 20.432 21.548 15.358 25.772 20.163 21.279 14.100 @3.6621.089 22.205 16.254 27.274
2033 20.243 21.359 5.829 9.780 20.529 21.646 6.353 10.660 .1621 22.279 7.584 12.726
2034 21.962 23.079 10.522 17.656 21.755 22.872 10.031 26.8322.385 23.501 10.516 17.646
2037 22.731 23.848 24.428 40.990 22.601 23.718 24.427 90.9823.398 24.514 26.513 44,488
2058 20.318 21.434 39.745 66.691 20.645 21.762 45.935 97.0720.729 21.845 47.431 79.589
2066 19.080 20.196 20.078 33.691 19.110 20.226 18.785 B1.5219.250 20.366 19.252 32.304
2070 18.764 19.880 22.826 38.303 19.002 20.118 23.702 39.7718.728 19.845 23.363 39.203
2089 19.271 20.388 2.891 4852 19.413 20.529 2.884 4840 7668. 19.882 2.768 4.645
2094 23.474 24590 6.102 10.239 23.849 24.965 7.341 12.3183.457 24.574 5.432 9.116

Derived parameters of the fits to the SBPs fdfetent evolutionary scenarios.
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